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ABSTRACT 


Researchers at the Beltsville Agricultural Research Center (BARC) in Maryland are making remote 
sensing measurements of winter wheat growth for use in crop assessment by satellite. Maryland’s 
climate is not typical of important U.S. winter wheat producing areas, e.g., that of Kansas, princi- 
pally because of its higher faU and winter precipitation; therefore, histograms of average monthly 
precipitation over 30- and 84-year periods for both Maryland and Kansas were calculated, and 
methods were indicated for limiting Maryland precipitation values to simulate Kansas conditions. 

As a logical second step, a statistical assessment of the effect of average monthly precipitation on 
Kansas winter wheat yield was made. The data sets covered the three periods of 1941-70, 1887-1970 
and 1887-1921. Analyses of the limited data sets used (only the average montlily precipitation and 
temperature were correlated against yield) indicated that fall precipitation values, especially those 
of September and October, were more important to winter wheat than were spring values, particu- 
larly for 1941-1970. Tests of early winter (November and December) precipitation values produced 
much lower correlations with yield than fall or spring values for the same 1941-70 period. On the 
basis of these results, the BARC project should record and modify, if necessary, fall precipitation in 
simulating the Kansas climate. These results also contradict the methodology of current yield 
models for Kansas winter wheat that sum precipitation variables for many fall and winter months 
together behind one coefficient, as though they were all unimportant and of approximately equal 
value. 

This paper also underlines the problem of extrapolating remote sensing data from the climatic envi- 
ronment of an experimental farm to those of more extensive crop areas normally monitored by 
satellites. Macro-, meso- and microscale meteorological systems all vary in horizontal and vertical 
distance and time dimensions; however, the agroclimatic research projects surveyed in this paper 
were conducted in a variety of states of meteorological systems and did not offer a clear solution to 
whether precipitation, or soil moisture and evapotranspiration, were the more sensitive variables to 
crop yield. An accounting of these scaling problems is essential to combining crop monitoring with 
satellite meteorological information for a grain yield assessment. 

Average monthly precipitation and temperatures analyzed in this paper represent only two of the 
many variables positively affecting Kansas winter wheat yield; they were analyzed because they 
appear in some current yield models. The cumulative multiple regression R^ values calculated for 
the fall (37.5%) and spring (21.5%) seasons over the 1941-70 period were judged to be significant if 
combined in a complete set of dependent variables for a full yield model development, but such a 
development was not attempted here. However, appendixes on economic and technological factors, 
slowly varying climatic changes, severe storms, and episodic events in Kansas are included to under- 
line the complexities of a full model development. At the conclusion of the paper, dependent vari- 
ables combining precipitation and temperature are suggested. An experimental determination of 
such variables in the important fall season could be made by remote sensing measurements of soil 
moisture and/or precipitation evapotranspiration rates. 
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A COMPARATIVE STATISTICAL STUDY OF LONG-TERM 
AGROCLIMATIC CONDITIONS AFFECTING THE GROWTH 
OF U.S. WINTER WHEAT 

Distributions of Regional Monthly Average Precipitation on the Great 
Plains and the State of Maryland, and the Effect of Agroclimatic 
Conditions on Yield in the State of Kansas 

Jean E. Welker 
Goddard Space Flight Center 
Greenbelt, Maryland 


INTRODUCTION 

The NASA/GSFC-BARC field project is a cooperative research venture of the National Aeronautics 
and Space Administration/Goddard Space Flight Center, which has responsibility for the conceptu- 
alization and design of satellite systems to aid in the assessment of agriculture, and the Beltsville 
Agricultural Research Center of the U.S. Department of Agriculture (USDA). The field project itself 
was conceived and developed to more efficiently relate remote sensing instrumental design and tech- 
niques to the conditions and variability of agricultural growth; this can be carried on and varied 
most expeditiously at an agricultural research center. 

The satellite systems are planned and designed by NASA, in consideration of the needs and require- 
ments of the Department of Agriculture. One of the largest and most profitable of all crops grown 
in the United States, especially for its export value, is winter wheat. This crop is grown extensively 
on the Great Plains, which includes the states of Kansas, Oklahoma, and Nebraska, as well as in the 
northwest comer of the contiguous United States. 

The Great Plains region produces a major portion of the U.S. winter wheat crop, which is a signifi- 
cant portion of the purchasable winter wheat and grain crop of the world. In terms of production 
magnitude, the Great Plains region accounts for approximately 20 percent of the world’s grain, 
while occupying only about 0.7 percent of its surface. This fact alone has generated much interest 
in the overall climatological behavior of the area, and particularly in precipitation.’ There is little 
doubt that soils and climate have been major influences in the evolution of the large grain-producing 
areas of the world, and the Great Plains must be numbered among these areas. ^ 

This study is concerned with the growth of winter wheat on the Great Plains, and with the climatic 
factors which characterize the region and cause fluctuations in the crop yield. Attention is directed 
to the ranges of average monthly precipitation that have occurred in the Central Crop Reporting 
District in Kansas, which can be simulated at the BARC project in Upper Southern Maryland. A 
secondary objective is to isolate those months of the growing season which account for the greatest 
fluctuations in winter wheat yield by their variability in average monthly precipitation and tempera- 
ture. Both of these objectives are related to current remote sensing yield model requirements. The 
procedure developed for Kansas can be easily adapted to other agricultural regions. 
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THE PROBLEM 


Within the remote sensing community, yield models are currently being devised for the prediction 
of yield over large substate areas. These models require a variety of conventional data, not all of 
which are in the open literature. Regional agroclimatic variability and its effect on crop yield are 
two types of useful data in short supply. The importance of these models became apparent in the 
recent Large Area Crop Inventory Evaluation (LACIE) project, a cooperative effort by NASA, 
National Oceanic Atmospheric Administration (NOAA), and USDA to inventory domestic and 
foreign wheat production. 

In a recent paper funded and monitored by Goddard Space Flight Center, Nalepka et al.^ attempted 
to use Landsat data for forecasts of winter wheat yield and production. The LACIE test sites, A 
through E, were used as shown in Figure 1 . Sites C, D, and E lie in the Central Crop Reporting 
District (CCRD) in Kansas; the CCRD is the district statistically analyzed in this paper. In their 
paper, Nalepka et al. envision the optimal use of Landsat data for yield determination as part of the 
total model:** 

Yield = Historical Trend + Landsat Information Perturbation + Meteorological 
Information Perturbation + Cultural Information Perturbation 

One of the principal complaints of the authors from their hybrid model approach is the insensitivity 
of grouped monthly agrometeorological parameters to winter wheat yield, both for the LACIE 
models for the United States and for Soviet models.® In particular, the grouped August through 
February precipitation parameter appeared especially insensitive in the agrometeorological yield 
model which had been developed by the Center for Climatic Environmental Assessment (CCEA) of 
NOAA.* The historical yield trends included in the model spanned the periods 1931-1955 and 
1955-1976.'^ Nalepka et al. judged Landsat data to be well correlated to yield, as well as to the 
amount of irrigation for the irrigated Finney County test sites.® Obviously, water was important to 
yield, but the role of precipitation remained unclear. Another concern of Nalepka et al. was the 
representativeness of the meteorological data used for the LACIE test sites. This problem arose 
because of the various geographical locations of meteorological stations with relation to the test 
sites.^ The locations and types of data from these stations are shown in Figure 2.* ® The problem 
is especially acute when dealing with a microclimatic environment such as a test site on an experi- 
mental farm, but this is not necessarily the case for an entire crop reporting district, for which data 
from a number of meteorological stations can be averaged. 

The status of remote sensing model development was recently reviewed in the LACIE Symposium, 
which took place in October 1978, at the Johnson Space Center in Houston, Texas. The current 
LACIE yield models use multiple linear regression techniques for independent variables formed 
from monthly averages of air temperature and precipitation. Yield models have been developed for 
individual substate regions of crop reporting district size. For example, there is a yield model for 
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Central crop reporting districts and agricultural test sites in Kansas. 
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Figure 2. Location and types of data recorded by meteorological stations in Kansas. 10 









each of the nine crop reporting districts in Kansas.^ ^ Other assumptions used in the model develop- 
ment include:^ ^ 

a. Crop is in the same phenological stage in the same month of every year and identically sus- 
ceptible to the same weather impacts on yield, 

b. All weather departures from normal are homogeneous over the entire region being mod- 
eled, 

c. There are no interactions between weather and technology, 

d. Over large areas, all short period weather fluctuations and episodic events are averaged out. 
The form of the linear model used is: 

Yield = constant + trend + weather effects, 

where constant = base yield level before technological enhancement 

trend = technological effects on increased yield as a function of chronological time, and 

weather effects = yield variations due to fluctuations in the long-term average regional weather. 

Yield data sets have been traced back to the 19th century, but owing to some of the assumptions 
made, the yield models only use the data from the 1930’s to the present. Two of the yield data sets 
used in the LACIE models are shown in Figure 3.^ ^ 

This brief discussion of remote sensing yield models identifies a need for average monthly precipita- 
tion and temperature data and their relationship to crop yield. Representative types of data and 
analyses currently available in the open literature demonstrate the diverse nature of the sources 
which can be applied to remote sensing modeling. 

CURRENT STATUS OF RESEARCH 

The State of Maryland falls in a mean annual precipitation range of 40-48 inches, while the State of 
Kansas, with north/south precipitation isolines, can be divided into a number of zones with progress- 
ively smaller mean annual precipitation values from east to west across the state, as shown in 
Figure 4.^ The most easterly and highest precipitation zone of the State of Kansas ranges in values 
from 32-40 inches per year^ ^ and Kansas as a whole has much drier winters than Maryland.^ ^ 
Monthly values of precipitation from 1941-1970 have been published by NOAA for ‘‘homogeneous 
climate regions” for each state, and are the sources of precipitation data for this paper.^ Monthly 
precipitation data prior to 1941 and back into the nineteenth century, which also are used in this 
paper, have been published by the Weather Bureau for larger substate regions than have been 
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aggregated for the 1941-1970 data.^ ® Some of the factors influencing the north/south precipita- 
tion isoline structure of the State of Kansas can be understood from the climate models developed 
for this region.^ ^ 

A large volume of work has been produced on the relationship of climate to grain crop growth and 
yield, but an increased interest in agrocUmate in the late sixties and early seventies accelerated 
research in this area. Experimental data from growth chambers, experimental farm projects, and 
especially large grain areas encompassing many states (U.S.) and provinces (Canada) have been ob- 
tained and used. Some of the research published during the sixties and seventies will be discussed 
and is indicative of current research trends. 

Using growth chamber data on the development of wheat root structures, E. A. Hurd claims a 
relationship between root growth development and both drought resistance and high yield under 
moisture stress.^® Conflicting results are found by Ray et al. showing the increased ability of smaU 
rooted plants to use limited amounts of water more efficiently.^ ‘ Charles Y. Sullivan and Jerry D. 
Eastin have investigated the nature of plant physiological responses to water stress for small grains, 
especially sorghum.^ ^ A number of physiological factors to be considered for conditions of plant 
moisture stress are discussed by Sullivan and Eastin, especially in relation to the efficiency of dif- 
ferent strains of grain in absorbing water under moisture stress conditions. All of the growth 
chamber experiments cited emphasize availability; the findings of E. A. Hurd suggest that conditions 
optimizing root growth development may cause higher average yields for dry climate areas. 

Some experimental farm data directly relate rainfall distributions to wheat yields in dry climate 
conditions. In particular, two papers published ten years apart show high correlation between the 
variability of precipitation and the yields of winter wheat for dry-climate experimental farms in 
India. ^ ^ Both papers apply the statistical techniques developed by Fisher in the twenties, and 
utilize polynomials of fifth degree for time series curve fitting prior to the correlation determina- 
tions. In the earlier paper, five locations are investigated using 15 years of data, and about 75 per- 
cent of the total variations in yield are attributed to the precipitation distribution. Both papers 
conclude that above average precipitation a month prior to sowing, and during the germination 
period, is beneficial to winter wheat yields. 

Data sets from agricultural regions greater in size than experimental farms can take two different 
forms; On the one hand, yield values are combined with weather and climate data, and on the 
other, yield values are combined with soil moisture or evapotranspiration values either derived from 
weather and climate data, or measured directly. The data analysis can also take two forms: Either 
the data are statistically analyzed directly, and conclusions are drawn from this analysis, or statisti- 
cal analysis is combined with model development in order to arrive at the final conclusions. In all 
cases, the agricultural regions are subnational in extent. 

T. G. J. Dyer, a meteorologist with a particular interest in temperature and precipitation data, has 
collaborated with J. F. Gillooly in a paper relating hay yields to mean seasonal warm and cold 
temperatures and other variables.^'* The paper emphasizes the recent concern (E. Waggoner) that 
insufficient use has been made of crop and weather relationships.^ * A stepwise linear regression 


8 


technique is the statistical analysis employed. In another paper, by R. L. Fitter, a 23-parameter 
model based on the effects of weather and technology was developed for winter wheat yield in crop 
reporting districts in Oregon.^ ® This model is one of a series of yield models which have been 
developed within the last ten years. One of the primary concerns of the modelers has been the 
effects of long-range global cooling trends on crop growth and yields. A third paper, by W. Baier 
and G. W. Robertson, discusses the efficacy of directly relating crop yield to climatological data.^'^ 

It first compares the relationship of yield to climatic conditions (monthly observations of rainfall 
and maximum and minimum temperatures). In the paper, the same wheat yields to estimated 
values of soil moisture are compared, and this second comparison shows higher correlations than 
the wheat yield to climatic variable approach. The daily soil moisture estimates for each of the six 
agricultural zones are obtained from a versatile soil moisture budget model which requires standard 
climatic data, tabulated astronomical values, and soil moisture characteristics as inputs. The overall 
superiority of correlating wheat yield with soil moisture rather than with climatic variables is 
clearcut for the methods used. A multiple correlation analysis shows soD moisture to be the most 
sensitive variable indicating crop yield, followed by minimum and maximum monthly temperatures 
respectively. Correlations of wheat yield with monthly precipitation values are considered nonsig- 
nificant in the Baier and Robertson study. 

Finally, in a paper that completely rejects straightforward correlations of climate data to yield. 
Bridge compares two simulation models to relate “effective climate” to winter wheat yields on the 
Great Plains.^ ® For four locations on the Great Plains, separated by a maximum of 12 degrees lati- 
tude and spanning over the State of Kansas to locations in Nebraska to the north and Oklahoma to 
the south, winter wheat yields are related to “effective climate” by means of stepwise multiple re- 
gression for a constant root zone (CRZ) and an expanding root zone (ERZ) water budget model. 

The point of the model approach is that the quantities normally designated and measured as climate 
variables, e.g., temperature and precipitation, interact in a complex and coupled manner during the 
plant growth cycle to affect plant yield. Other experimenters are cited as contributors to this model 
approach relating “effective climate” to winter wheat yields.^ ® Bridge’s model is an improvement 
over the existing CRZ model because it simulates the increase in the rooting depth of the winter 
wheat plant from its initial seeding and includes the amount of soil moisture available to the plant 
because of increased root growth. This new ERZ model, on the average, accounts for an additional 
12 percent in the variability of winter wheat yield over the CRZ model. The ERZ model includes 
the period from the very beginning of plant growth, which implies that the initial growth stages at 
fall planting are important to eventual yield. The fall hardening period has also been shown by 
Soviet experimenters to be important for episodic events causing the normal deleterious effects to 
winter wheat yields, such as winterkill.^® 

The research conditions discussed are quite varied in nature, involving growth chamber experiments, 
experimental farms, county and substate regions (crop reporting districts), and Canadian provinces. 
The crop types used in these research projects were also varied and include winter wheat as well as 
spring wheat and other crops. Some types of the research advocate the use of climatic models 
relating to winter wheat yield, while others use climatic variables translated into soil moisture values 
for yield correlations, and still others relate the climatic variables themselves directly to correlations 
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with yield. One conclusion that can be drawn from the results is that sufficient precipitation and 
resultant soil moisture appear important during the fall planting rooting-hardening period for winter 
grains. This conclusion is particularly important to the present paper for reasons which will become 
apparent in the following discussion. 

EXTENDED RESEARCH OFFERED 

As previously mentioned, Nalepka et al. have adopted a hybrid yield modeling approach to forecast 
winter wheat yield and production using Landsat data.^ ^ The yield model requires data for historical 
trends and meteorological perturbations. The models outlined in the LACIE Symposium and dis- 
cussed previously assumed a normal level of yield, with year-to-year fluctuations about that level due 
to variations.^ ^ These weather variations were monthly average values and not short-term extreme 
conditions or episodic events. Both modeling efforts used climatic data for central Kansas. 

In this study, regional distributions of average monthly precipitation on the Great Plains (espe- 
cially central Kansas), and in Maryland are analyzed and compared for magnitude and variability and 
related to yields of winter wheat. The results can be used to modify precipitation values at the 
BARC test site in Beltsville, Maryland so as to simulate conditions on the Great Plains; this simula- 
tion is accomplished by means of automated sliding covers over the test plots, activated by moisture 
sensing devices. As a second goal, an attempt is made to isolate the range of monthly precipitation 
magnitude most indicative of changes in winter wheat yield in Kansas over long periods of time. 

Data sets from three time periods, 1941-1970, 1887-1970, and 1887-1921 have been statistically 
analyzed using simple correlations, multivariate regression, and factor analysis techniques. These 
analyses show relatively high correlations between state wheat yield and monthly precipitation and 
temperature for the CCRD of Kansas over the modem period 1941-1 970. The yield variability is 
especially sensitive to precipitation during the planting-rooting-hardening months in the fall. For 
the earlier data sets, 1887-1970 and 1887-1921, wheat yield is much less sensitive to variations in 
monthly precipitation and temperature. 

The problem of regional scaling of agroclimate is also considered. Macro-, meso-, and microclimatic 
scaling are viewed with respect to the range of sensitivity of winter wheat yield to changes in 
climatic variables in regions of substate size; regions of sufficient extent that patterns of climatic 
variations can be monitored by satellite systems. The role that microclimatic regions can play 
under controlled crop growth conditions in establishing generalized yield-cUmate dependencies is 
also discussed. 

RANGE AND VARIABILITY OF AVERAGE MONTHLY PRECIPITATION FOR THE 
SOUTHERN GREAT PLAINS AND THE STATE OF MARYLAND 

Appendix A shows histograms of average monthly precipitation for the CCRD of Kansas over the 
period 1941-1 970. There are 1 2 cells for each histogram. Each of the first 1 2 histograms represents 
30 years’ data for each month of the year. The last four histograms combine the 30-year data sets 
for the months of March through May, June through August, September through November, and 
December through February. 
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The histograms for the months of November, December, January, and February, in particular do 
not appear to be symmetrically distributed on either side of a maximum value of precipitation, but 
these are the four months of the year with the lowest value for the standard deviation of the histo- 
gram distributions. May and June are the two months with the most symmetrically shaped distribu- 
tions in the precipitation histograms. The most striking characteristic of any of the histograms is 
the occurrence of two or three maxima for particular months over the 30-year period. Because the 
monthly precipitation for only a 30-year period was distributed among 1 2 cells in the histograms, 
new monthly precipitation histograms were also formed for an 84-year period, 1 887-1970, and are 
shown in Appendix B. The histograms over the 84-year period do not exhibit the two or three 
maxima characteristics of those of the 30-year period, but both sets of values for the mean monthly 
precipitation remain nearly the same, as shown in Figure 5. 'Hie mean valines from both periods 
indicate maximum precipitation in June, with a less drastic change in precipitation during the 
months of July, August, and September, than at any other time during the spring, summer and fall 
seasons. 

In Appendix C, histograms of the mean monthly Values for precipitation have been plotted for 
Upper Southern Maryland, the location of the BARC Project. The data used were for the period 
1941-1970. The mean value for each monthly histogram has been calculated and compared with 
those for the CCRD of Kansas over the same period. These mean values are plotted in Figure 6. 

The values for Upper Southern Maryland for the months of October through April are much higher 
than those of the CCRD of Kansas, indicating the relatively higher winter rainfall and wetness in 
Maryland. The highest value for mean monthly precipitation in Upper Southern Maryland is in 
August, rather than the June high for the CCRD in Kansas. 

However, the plots in Figure 6 actually contrast two precipitation profiles, one on the southern 
Great Plains and the other on the east coast of the U.S., the Middle Atlantic Coast Region. In order 
to ensure the supposition that the precipitation profile of the CCRD of Kansas is representative of 
the southern Great Plains region, mean monthly precipitation values were calculated from monthly 
precipitation histograms for the East Central Crop Reporting District of Nebraska and the North 
Central Crop Reporting District of Oklahoma. The results, shown in Figure 7, indicate mean 
monthly precipitation profiles similar in shape to that of the CCRD of Kansas, as shown in Figure 6. 
Precipitation profiles for Nebraska and Oklahoma, lying north and south of Kansas respectively, 
were chosen to test precipitation profiles on the southern Great Plains because of the north-south 
orientation of precipitation isolines, which were predicted by Harnack and are shown in Figure 4. 
The East Central Nebraska profile indicates peak precipitation during June, as does the Kansas 
profile, and all three precipitation profiles, from Kansas, Nebraska, and Oklahoma, have an “elbow” 
characteristic shape for the July through September period. 

Figure 6 and 7, combined with the monthly histograms plotted in Appendixes A, B, and C, demon- 
strate the normal range and variability of precipitation for the CCRD of Kansas compared to that of 
Upper Southern Maryland, the location of the BARC Project. From these data, simulation studies 
of winter wheat growth precipitation conditions characteristic of the southern Great Plains can be 
conducted at the BARC site. 
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Figure 5. Mean monthly precipitation values for the 
Central Crop Reporting District for two periods. 
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Figure 6. Mean monthly precipitation values for the Central Crop 
Reporting District of Kansas, and Upper Southern Maryland. 
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Figure 7. Mean monthly precipitation values for the Crop Reporting Districts of 
East Central Nebraska and North Central Oklahoma. 




AVERAGE MONTHLY PRECIPITATION AND TEMPERATURE IN KANSAS AND THEIR 
ASSOCIATION WITH WINTER WHEAT YIELD VARIABILITY, 1941-1970 


In this segment of the study, basic agroclimatic factors are sought which indicate changes in Kansas 
winter wheat yield, specifically those factors over the CCRD of Kansas. 

Both factor analysis and stepwise multiple linear regression analyses were performed for the 
1941-1970 period, on agrometeorological variables for the CCRD of Kansas along with yield values 
for the entire state of Kansas. The agrometeorological variables were assigned to three seasonal 
groupings: fall including the months of July, August, September, and October; spring including 
March, April, May, and June; and early winter including November and December values. January 
and February were not included because average monthly temperature and precipitation values are 
not the appropriate variables indicative of winter wheat yield for these months. Depth of snow 
cover, maximum and minimum diurnal temperature readings, etc., are much more closely related to 
yield variability for these winter months. Both the fall and early winter agrometeorological values 
were compared to the yields for the following year. As was previously mentioned, the agrometeoro- 
logical variables consist of average monthly values of precipitation and temperature for each month 
in the season. For the fall and spring, the data matrices consist of either nine columns for the 
precipitation and temperature variables for each month of the season, plus the appropriate annual 
yield values, or five columns for the precipitation variables for each month of the season, combined 
with the annual yield value. For both the nine- and five-column data matrices, the number of rows 
are 30, representing annual values for the period 1941-1970. The nine-column fall data matrix is 
shown in Figure 8. For the statistical analyses, yield was designated as the dependent variable, and 
the average monthly precipitation and temperature values were the independent variables. 

Both factor analysis and stepwise multiple linear regression analysis for SPSS (Statistical Package 
for the Social Sciences) programs are discussed elsewhere, and standard statistical texts are 
suggested.^'* Texts treating the methodology and examples of uses of such statistics for quantitative 
spatial analysis are also in the open literature.^ ® The stepwise multiple regression analysis produces 
R^ values, which are a measure of the capability of the independent variables — monthly precipita- 
tion and temperature values — to account for the variability of the dependent variable, the winter 
wheat yield. Each independent variable is loaded separately, in a stepwise fashion, the ordering of 
the variables corresponding to the highest remaining values of R^ . That is, the independent variable 
with the highest value of R^ is loaded first, et cetera. It is important to note that if the indepen- 
dent variables were loaded with a different ordering, the results would be somewhat different, the 
amount of difference depending on the degree of correlation between the independent variables 
themselves. For this purpose, the individual,correlations between any two variables in the data 
matrix have been determined and are shown in the factor analysis printout in Appendix D as the 
matrix entitled Correlation Coefficients. 

Our discussions on factor analysis computations will be confined to the results of the orthogonal 
factor analysis program, primarily the “correlation coefficients” matrix and the “matrix using 
principal factor with iterations,” shown in Appendix D. The “varimax rotated factor matrix” 
merely accentuates the difference between significant and negligible factor correlations of the 
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Fall Data Matrix — 1941-1970 — 9 columns X 30 rows. 

Variables Yield July Aug. Sept. Oct. July Aug. Sept. Oct. 

Average Monthly Precipitation Average Monthly Temperature 


Years- 

1970 

1971 


(Yield Values for 
Following Season) 


Figure 8. Data matrix used in the statistical analysis — Fall Season. 
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“matrix using principal factor with iterations;” thus it will be considered only cursorily. The oblique 
factor analysis program results contained in Appendix D are to be consulted only when appropriate, 
and are included as a check on the results of the orthogonal factor analysis program. 

Table 1 summarizes the results of the stepwise multiple regression analysis for the fall; the indepen- 
dent variables are listed in decreasing order of their importance in accounting for the variability in 
yield. Out of eight independent variables, which are the average monthly values of temperature 
and precipitation during July, August, September, and October, the first seven in importance 
accounted for a cumulative value of 37.5 percent of the winter wheat yield variability over the 
1941-1970 period. The most important two variables were October and September precipitation 
values, in that order, with October temperature and August precipitation ranking third and fourth. 
The October, September, and August precipitation values can be interpreted in terms of the supply 
of soil moisture during the important fall rooting and hardening period for winter wheat. Good 
root growth and proper hardening produce healthy plants which have a better chance of higher 
yield than plants grown under less advantageous conditions. The importance of October temper- 
ature, as well as precipitation, may indicate that an evapotranspiration model combining precipita- 
tion and temperature values may be a better way to represent soil moisture than using the raw 
values independently of one another. In any case, precipitation appeared much more important 
than temperature in accounting for yield variability from fall season indicators. The same July- 
through-October average monthly values of precipitation alone, without the temperature variables, 
when regressed against winter wheat yield, accounted for a cumulative of 30.9 percent. 

The results of the orthogonal factor analysis for the fall season support the conclusions drawn from 
the stepwise multiple regression analysis. From the “matrix using principal factor with iterations” 
for eight independent variables, yield is primarily associated with Factor 2, and the dependent 
variables of October, September, August and July precipitation, and October temperature in that 
order of importance. The other three factors show correlations between monthly temperature and 
precipitation values. The factor analysis with only the four independent precipitation variables 
again indicates yield to be most strongly related to first October, and then September precipitation. 
Thus, the above discussion has demonstrated a close qualitative agreement between the results for 
the two types of analyses, factor and stepwise multiple regression. Factor analysis does not produce 
a cumulative R^ as does stepwise multiple regression analysis, and is therefore not directly amenable 
to quantitative comparison. 

The results of the stepwise multiple regression analysis for March, April, May and June are shown in 
Table 2. A cumulative R^ for seven of the eight independent variables in the spring accounts for 
only 21 .5 percent of the yield. The average monthly temperatures are more important independent 
variables in the spring than are precipitation variables. In particular, the March temperature alone 
accounts for a cumulative R^ of 14.4 percent. All the same precipitation variables together without 
the temperature variables, shown in Table 2B, produce a total cumulative R^ of only 8.2 percent. 

The results of the regression analyses, summarized in Tables 1 and 2, indicate that yield fluctuations 
have their highest dependency on fall precipitation, especially for October and September. During 
the spring, temperature values are more related to yield fluctuations, especially for the month of 
March. 


17 


Table 1 

Stepwise Multiple Regression Analysis for FaU Season, Including 
the Months of July through October; Data Ranges over 1941-1970 


Independent Variable Cumulative R^ for Dependent Variable 

of Yield 


Month 

Average Monthly Measurement 

(units in percent) 

October 

Precipitation 

19.7 

September 

Precipitation 

28.7 

October 

Temperature 

32.8 

August 

Precipitation 

35.3 

July 

Temperature 

36.2 

July 

Precipitation 

37.1 

September 

Temperature 

37.5 

A. Regression Analysis for Eight Independent Variables; Four Average Monthly Values 
of Temperature and Precipitation, Fall Season. 

October 

Precipitation 

19.7 

September 

Precipitation 

28.7 

August 

Precipitation 

30.5 

July 

Precipitation 

30.9 

B. Regression Analysis for Four Independent Variables; Four Average Monthly Values 
of Precipitation Alone, Fall Season. 


Table 2 

Stepwise Multiple Regression Analysis for Spring Season, Including 
the Months of March through June; Data Ranges over 1941-1970. 


Independent Variable 


Cumulative R^ for Dependent Variable 
of Yield 


Month Average Monthly Measurement (units in percent) 


March 

Temperature 

14.4 

May 

Precipitation 

15.5 

June 

Temperature 

17.2 

March 

Precipitation 

19.6 

April 

Precipitation 

20.5 

April 

Temperature 

21.2 

June 

Precipitation 

21.5 


A. Regression Analysis for Eight Independent Variables; Four Average Monthly Values 
of Temperature and Precipitation. Spring Season. 


March 

Precipitation 

3.1 

May 

Precipitation 

6.3 

June 

Precipitation 

7.8 

April 

Precipitation 

8.2 


B. Regression Analysis for Four Independent Variables; Four Average Monthly Values 
of Precipitation Alone, Spring Season. 
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Again, the orthogonal factor “matrix using principal factor with iterations” and the “varimax ro- 
tated factor matrix” for the eight independent variables over the spring season generally supports 
the results of the multiple regression analysis. In the “matrix using principal factor with iterations,” 
yield is related to Factor 3, which in turn is related to March and May temperatures. Yield is also 
related to Factor 1 , which had high values for June temperature and May and March precipitation. 
Factor 3 in the “varimax rotated factor matrix” relates yield to March temperature, March precipi- 
tation and June temperature. The independent variables listed above, with the exception of May 
temperatures, are identical to the first four most important variables identified in the stepwise 
multiple regression analysis for the spring season. 

Finally, average monthly temperature and precipitation values were statistically analyzed for the 
months of November and December, the early winter season. The results of the stepwise multiple 
linear regression analysis for four independent variables are shown in Table 3 and Appendix D. 

Only the contributions from temperatures are shown, because the contributions from precipitation 
were negligible. The independent variables for those two months were collectively unable to ac- 
count for a cumulative of 9 percent, which indicates that the average monthly precipitation and 
temperature values during these months contribute Httle to yield variability. Even so, temperature 
variables are more important for November and December. The factor analysis results, included in 
Appendix D, substantiate the weak correlations between yield variability and the temperature and 
precipitation variables of the early winter season. 


Table 3 

Stepwise Multiple Regression Analysis for Early Winter Season, Including 
the Months of November and December; Data Ranges over 1941-1970. 


Independent Variable 


Cumulative R^ for Dependent Variable 
of Yield 


Month Average Monthly Measurement (units in percent) 


November Temperature 7.4 

December Temperature 8.5 

A. Regression Analysis for Four Independent Variables; Two Average Monthly Values 
of Temperature and Precipitation, Early Winter Season. 
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AVERAGE MONTHLY PRECIPITATION AND TEMPERATURES FOR THE FALL SEASON IN 
KANSAS AND THEIR ASSOCIATION WITH WINTER WHEAT YIELD VARIABILITY 1887-1921 
AND 1887-1970 


In the previous section, yield for the state of Kansas was regressed against average monthly pre- 
cipitation and temperature values which had been averaged over the Central Crop Reporting District 
of the state. The results imply that average monthly precipitation values in the fall, especially for 
October and September, are important indicators of annual winter wheat yields. 

In order to test this result further, but not exhaustively, additional statistical analysis was under- 
taken. Continuous yield data were obtained for the state of Kansas back to 1887, and average 
monthly precipitation and temperature values for the central one-third region of the state were also 
obtained.^ ^ This central one-third region includes not only the Central Crop Reporting District, 
but the North and South Central Crop Reporting Districts as well, as is shown in Figure 1. 

With this new, enlarged data set extending back to 1887, stepwise multiple linear regression and 
orthogonal and oblique factor analyses were again performed, but over the fall season alone, for the 
periods 1887-1921 and 1887-1970. The results of these analyses in general tend to diminish the 
importance of the average monthly October and September precipitation, and October temperature 
variables, in accounting for yield variability. 

The results of the stepwise multiple regression analysis for the fall season over the period 1887-1970 
are shown in Table 4. Again, as had been the case for the 1 941-1970 period shown in Table 1 , Sep- 
tember and October precipitation rank as the most important two independent variables, but now 
in the reverse order from the 1941-1970 period. The third and fourth most important variables 
over the 1887-1970 time span, however, are July temperature and July precipitation, in that order, 
which are different from the results of the 1941-1970 period. Also different is the total yield vari- 
ability accounted for by the fall season variables, only 21.9 percent compared to the 37.5 percent 
obtained from the 1941-1970 data. This 21.9 percent cumulative R^ value is low, principally owing 
to the failure of the major two variables, October and September precipitation, to account for more 
than 19.4 percent of the yield variability; in the 1941-1 970 period these two variables collectively 
accounted for 28.7 percent of yield variability. The results of both the orthogonal and oblique 
factor analyses supported the importance of September and October precipitation, in that order, 
to account for yield variability over the 1887-1970 period. 

A logical subset of the 1887-1970 yield time series is the data for 1887-1921. This period encom- 
passes the “Golden Years of American Agriculture,” 1887-1915, so called because of the dramatic 
improvement in the economic status of the American farmer, followed by the years through World 
War I and its aftermath. The historical justification for the use of this period is discussed in 
Appendix E. 

The independent variables of average monthly precipitation and temperature were tested against 
yield over the years 1887-1921 in a stepwise multiple regression analysis. Because of the high 
correlations between precipitation and temperature variables for some of the months, the results 
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Table 4 

Stepwise Multiple Regression Analysis for Fall Season, Including 
the Months of July through October; Data Ranges over 1887-1970 


Independent Variable Cumulative R^ for Dependent Variable 

of Yield 


Month Average Monthly Measurement (units in percent) 


September 

October 

July 

July 

October 

August 

August 


Precipitation 

Precipitation 

Temperature 

Precipitation 

Temperature 

Temperature 

Precipitation 


13.0 

19.4 

20.1 
21.2 

21.4 
21.6 
21.9 


A. Regression Analysis for Eight Independent Variables; Four Average Monthly Values 
of Temperature and Precipitation, Fall Season. 


September 

Precipitation 

13.0 

October 

Precipitation 

19.4 

July 

Precipitation 

19.5 


B. Regression Analysis for Four Independent Variables; Four Average Monthly Values 
of Precipitation Alone, Fall Season. 
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for the stepwise loading of the eight independent variables are considered invalid. The cumulative 
total for all eight variables taken together is valid, however, and amounts to 20.3 percent. This 
cumulative value is comparable in value to the fall season R^ computed for the 1887-1970 period 

shown in Table 4, and it is lower than the fall season R^ for the 1941-1970 period shown in Table 1, 
for the same sets of independent variables. When precipitation variables are considered alone, the 
results shown in Table SB indicate that September is the most important month, with October in 
third place. 

The 1887-1921 period is the first of the three yield time series tested in this paper to indicate that 
temperature variables are more important than precipitation variables for assessing yield over the 
fall season. There is no ready explanation for this temperature dependence but in Figure 9, a plot 
of temperature behavior of the major portions of land areas of the Northern Hemisphere for nearly 
the last four centuries is shown.^ The post-1 900 period was warmer than the pre-1 900 years, 
providing some indication that long-term temperature effects may have had some impact on crop 
yields over these years. 

In general, the effects of many climatic factors, severe storms, and phenologic variations have greatly 
altered plant growth conditions in Kansas over the 1887-1 970 yield time series. The magnitudes of 
the fluctuations of some of these factors are indicated in Appendix F. 

The results of the orthogonal and oblique factor analyses on the 1887-1921 data set were inconclu- 
sive. The slightly stronger of the two factors associated with yield supported the contention that 
fall precipitation variables were more important than those of temperature. The most important 
single variable was October precipitation. A second, weaker factor associated with yield generally 
supported temperature over precipitation variables in importance, and implied that the variables 
for July and August were more important than those of September and October. 

ASSUMPTIONS, APPROXIMATIONS, AND SCALINGS OF YIELD VARIABILITY FOR LARGE 
AREAS (SUBSTATE REGIONS) AND EXPERIMENTAL FARMS 

The statistical analyses over the yield time series include many assumptions and approximations. 

One of the most important factors for the American agricultural system is the relative magnitude of 
the prices paid to the farmer for agricultural produce versus his production costs. For example, 
episodic events which cause some modest degree of crop damage can involve very substantial losses 
to crop production if prices are not high enough to warrant salvaging a crop. These varying eco- 
nomic conditions and the technological inputs to the American agricultural sector are discussed in 
Appendix E. 

In addition to economic factors, a whole class of climatic variations have affected the Kansas yield 
time series. Some limited data on three types of climate variations are shown in Appendix F. 
They include data on long-term (multiple decades) changes in climate, severe storms, and episodic 
events. The LACIE yield models discussed previously assume that short-period weather fluctuations 
and episodic events are averaged out over large areas, and that there is a homogeneity of weather 
departures from normal over the entire region being modeled. These, of course, are approximations 
for complicated processes. 
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Table 5 

Stepwise Multiple Regression Analysis for Fall Season, Including 
the Months of July through October; Data Ranges over 1887-1921 

Independent Variable Cumulative R^ for Dependent Variable 

of Yield 


Month Average Monthly Measurement (units in percent) 


Stepwise loading of independent variables is invalid because of the high correlations 
between precipitation and temperature variables. Cumulative total R^ for all eight 
average monthly precipitation and temperature variables is 20.3 percent. 

A. Regression Analysis for Eight Independent Variables; Four Average Monthly Values 
of Temperature and Precipitation, Fall Season. 


September 

Precipitation 

4.8 

August 

Precipitation 

6.5 

October 

Precipitation 

7.2 


B. Regression Analysis for Four Independent Variables; Four Average Monthly Values 
of Precipitation Alone, Fall Season. 


Some data on the normal annual growing degree days throughout the United States and phenological 
variations on an experimental farm in Kansas are also included in Appendix F. The LACIE models 
have assumed that a particular crop is in the same phenological stage each month of every year, 
and is identically susceptible to the same weather impacts on yield, which is another approximation. 


Other factors important to the growth of winter wheat include varieties of wheat grown, cropping 
practices, plant diseases, insect damage, etc. Many of these factors are discussed in a recent article 
authored by L. P. Reitz of BARC.^® In this article, Reitz points to the many distinctions in winter 
wheat cultivation for both the eastern United States and the southern Great Plains region, which 
includes Kansas. A careful consideration of all these types of factors would be essential to the 
design of simulations of the Great Plains Region at BARC. 

One of the major assumptions used in this paper is that average monthly values of precipitation and 
temperature for the central regions of Kansas are characteristic of winter wheat yields for the state. 
The data sets for the 1941-1970 period consisted of precipitation and temperature values which 
had been drawn from meteorological station data in the Central Crop Reporting District of the 
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Figure 9. Average temperature of the Northern Hemisphere over the last four centuries.^^ 





state. The average monthly values of precipitation and temperature employed to represent the data 
for the 1887-1941 period had been drawn from meteorological stations located in the three central 
crop reporting districts collectively, namely the Central District used for the 1941-1970 period, 
as well as the North and South Central Crop Reporting Districts of the state. Climate data from 
central Kansas should be representative of yield for the state because, historically, the main wheat 
area has been located in the center of the state, as is indicated by Figure 10.^ ® Wheat yield data by 
Kansas county for the period 1962-1976 has been statistically processed elsewhere, and the ordered 
rankings by county and crop reporting district are shown and mapped in Appendix G.^ ® Also shown 
are the counties’ ordered ranking by total wheat production. Nine out of the first 1 1 wheat pro- 
ducing counties in the CCRD rank in the highest 33 wheat producing counties in the state for the 
1962-1976 period. 

A final major problem in relating yield variability for large areas (substate regions) to yield data 
obtained on experimental farms involves the scaling of meteorological systems. Adopting the 
conventions of Barry, three climatic meteorological motion systems will be defined as follows:^* 




Horizontal 

Vertical 

Time 

Total 


Motion System 

Scale (km) 

Scale (km) 

Scale (hr) 

Energy* 


Planetary Waves 




1. 

Macroscale 

5 X 10^ 

>10 

2-4 X 103 

Av. Depre- 


Synoptic Variations 



sions 10-3 

2. 

Mesoscale 

5 X 10^-2 X 103 

1-10 

1-10 

Av. Thunder- 


phenomena 




storm: 10-3 

3. 

Microscale 

10* 

10-3 

10-3-10-1 

Av. Wind 


phenomena 




Gust 10-13 


*Base 1 = daily solar energy intercepted by the earth. 

The smallest sized regions with economic significance and requirements for publicly available sta- 
tistics most probably have the dimensions of a county, unless individual farms are being monitored 
for farm management information. The current LACIE yield model regions are characteristically 
of crop reporting district size. The rectangular dimensions of crop reporting districts in Kansas are 
in the range of 96 by 208 kilometers, 60 by 130 miles; these regional sizes are smaller than meso- 
scale phenomena but certainly larger than microscale dimensions, by Barry’s horizontal scale con- 
vention. On the vertical scale, crop growth is affected by the climate within the first 10 meters 
above the ground, which falls within the microscale of meteorological motion systems. The time 
scale for the various crop calendar stages of wheat growth is within the boundaries of macroscale 
meteorological motions, ^^200 to 400 hours or longer. Thus, the growth and eventual yield of 
winter wheat, which is planted in the fall and harvested in the summer, is affected by all three types 
of meteorological motion systems. 
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Another complication of scaling climate data for agricultural use is that the political boundaries of 
agricultural regions which report statistical data, e.g., counties or crop reporting districts, are not 
usually coincident with regions having specific climatic characteristics. The needs of regional clima- 
tology and its agricultural applications could conflict directly with the goals and aims of synoptic 
and physical climatology, if there were insufficient resultant spatial resolution over the agricultural 
regions. This may prove to be especially true for expanded climate, hydrologic, and severe storms 
satellite programs whose new and improved data will become available for agricultural applications. 
These newly available data sources can be most expeditiously utilized for agriculture if the aims of 
the agricultural applications and the requirements for the regional data sets can be defined prior to 
the design stages of new satellite systems. 

This paper and the current LACIE yield models have bypassed the whole issue of scaling climatic 
data to agricultural regions by the simple expedient of using average monthly meteorological station 
data which have been geographically averaged over the desired regions.'^ ^ An experimental farm, 
on the other hand, offers the possibility of continuous monitoring of the microclimatic environ- 
ment, which has resulted from the meso- and macroscale meteorological motions around it. These 
data, in conjunction with crop growth assessment through its various stages, can then be modeled 
to systematically isolate the effects of climate changes on crop yield. The usual approach is to 
build an agronomic or growth stage model which measures the boundaries of “normal” precipita- 
tion, such as temperature, degree-days, and evapotranspiration over the crop season, past which 
there are degrees of crop damage. These “normal” climatic conditions can then be varied over the 
historical magnitude and seasonal ranges of fluctuations in a particular agricultural region, such as 
the ranges of precipitation fluctuations in Kansas which have been outlined here. Thus an experi- 
mental farm can be utilized to simulate a wide range of agrocUmatic conditions in many larger 
agricultural regions, and to isolate the relative importance of these many conditions on crop yields. 
The effects of extreme climatic conditions, such as severe storms, drought, winterkill and other 
episodic events, can be specifically simulated under controlled conditions in growth chambers. 

For example, a winter crop can be grown in a growth chamber under conditions of varying pre- 
cipitation, temperature, soil moisture, et cetera, during the planting-rooting-hardening stages; under 
varying snow depths, ice cover thicknesses, diurnal temperature extremes, and wind velocities, 
during the dormancy stages; and under varying degrees of soil saturations, occasional water-freezing 
ice thicknesses, and diurnal temperature extremes, or during the reemergence stages. Thus, the 
effects of a wide range of winterkill conditions on winter crop yield can be systematically assessed. 
In addition, the plant container can be periodically removed from the growth chamber and situated 
under controlled lighting conditions for required radiometric monitoring. 

CONCLUSIONS 

Long-term agrocUmatic conditions in central Kansas have been statistically compared to winter 
wheat yield variabiUty for the entire state. Three time series have been analyzed; those of 1 941- 
1970, 1 887-1 970, and 1 887-1 92 1 . For the first two time series, October and September average 
monthly precipitation values have been identified as the most important variables; for the 1887-1921 
period, average monthly temperature variables seem more important than precipitation variables 
for the months of July, August, September, and October. 
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This paper has processed statistics on average monthly precipitation and on yield as a function of 
average monthly precipitation and temperatures for Kansas over an 83-year period, 1887-1970. 
During this time, many complex and related factors and conditions have interacted to affect both 
the climatic and the agricultural yield data sets. Nevertheless, these data sets do represent the 
real-life situation in regions in Kansas, regions over which future satellite monitoring of winter wheat 
growth and yield is anticipated. No experimental farm can simulate or duplicate these total ranges 
of conditions. However, an experimental farm can be adapted to simulate a number of the condi- 
tions which have been encountered over long time periods for such agricultural regions and, in doing 
so, can provide the capability to sort, isolate, and evaluate the relative importance of these condi- 
tions on agricultural yield. 

The obvious methodology for approximating the yield of a region is to build a model which incor- 
porates the variety of relevant variables and produces a good approximation of the actual results 
when tested with a historical data set. LACIE, with its yield approximations for crop reporting size 
districts in the Great Plains regions, presumably is developing such models. These models should 
incorporate all variables pertinent to yield, which were labeled by Nalepka et al. under the headings 
of historical trend, and meteorological and cultural perturbations.'^^ The effects on yield of 
meteorological perturbations alone can be logically separated into long-term climatic changes over 
decades, shorter-term variations in “normal conditions,” and the extreme variations in severe storms 
and episodic events. 

Die role of the experimental farm in these large-area models is to simulate experimentally, test and 
evaluate the relevant variables and their effects on yield. For example, an evapotranspiration/crop 
growth model can be implemented on an experimental farm to test the importance of fall season 
precipitation and evapotranspiration rates on winter wheat yields, using average monthly precipi- 
tation and temperature values over the range of historical data for crop reporting districts in Kansas. 
Systematically, questions about the range of “normal conditions” of precipitation and temperature 
which produce little or no crop damage, or about the value of short, intense rainfall periods versus 
light continuous rainfall on winter wheat yields for a particular month and growth stage, could be 
answered. Simultaneously, spectral measurements of crop conditions could be made at BARC in 
which the climatic variables affecting crop growth and yield are determined. Extreme climatic 
simulations can be varied under controlled conditions in laboratory or growth chamber environ- 
ments, and their effects on yield determined. In any case, when these climatic effects on yield 
have been established for the experimental farm situation, they must then be scaled upward and 
integrated into regional models of substate areas"^"^ ; examples of the use of climatic data in regional 
yield models have already been discussed. Specifically, the models of Bridge for winter 
wheat on the Great Plains, Baier and Robertson for spring wheat in Canadian provinces, and Fitter 
for wheat yields in Oregon are good examples.^ ^ Fitter’s model, in particular, folds in levels of con- 
stant technology and looks for global warming and cooling trend effects. 

In summation, a great deal of new and different data on regional agroclimatology are necessary for 
the construction of regional yield models for remote sensing requirements. Simulation of the his- 
torical ranges of regional agroclimatic conditions and their bounded effects on crop yield for remote 
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sensing needs can be accomplished at an experimental fann such as BARC. As the extensive publica- 
tions of the American Institute of Crop Ecology in Silver Spring, Maryland, have demonstrated, 
many agricultural regions throughout the world are already long-term agroclimatic analogs of one 
another, without any climate modification.^^ Modifications of the microclimate over agricultural 
field test plots would greatly broaden the extensibility of experimental farm research for regional 
climatological simulations. 

In the procedure outlined in this paper, a starting point for climatic simulations at BARC would be 
the modification of the range of precipitation in central Kansas simulations through the use of 
sliding covers over field plots. As is shown in Table 1 , the raw average monthly precipitation 
variables for October and September alone have a cumulative R^ of 28.7 percent, which is signifi- 
cant for two variables out of the 20 or 30 possible independent variables usually regressed against 
yield in a regional model. The best procedure to test the relative significance of the independent 
variables would be to build the complete regional yield regression model with the totality of perti- 
nent raw or suitably modified dummy variables. This approach was not used in this paper. 

An example of a dummy variable is the aridity index developed by Angstrom."* ’ He found that the 
index of aridity was proportional to the duration of precipitation, which in turn was proportional 
to the amount of precipitation and inversely proportional to an exponential of temperature. Thus, 
liis expression for an index of aridity, I, is: 


P 

1= T 

1.07 

For this expression, the denominator doubles with each 10°C increase in temperature. Thus, Ang- 
strom’s aridity index varies similarly to Van’t Hoff’s Law for the velocity of a chemical reaction as a 
function of an exponential of temperature, the law which is the basis for Thomthwaite’s expression 
for plant growth."*® Angstrom’s aridity index has the additional advantage of being continuous for 
negative values of temperature, and should be, all in all, much more indicative of soil moisture and 
plant yield than the raw, simple variables of average monthly precipitation and temperature used in 
this paper. 

By a procedure similar to that used in this paper for relating the average monthly precipitation in 
central Kansas to wheat yield, other variables and agricultural regions could be tested and simulated, 
or addition of the significance of solar radiation hours, for example, could be statistically analyzed,, 
as were the ranges of average monthly precipitation in this paper; their magnitudes could also be 
varied by the use of sliding covers over field plots at BARC. Once these procedures were established, 
they could be extended to other agricultural regions besides Kansas, especially with the utilization 
of growth chambers to simulate extreme or unusual episodic climatic conditions. Such a method- 
ology could eventually provide pertinent data necessary for remote sensing regional yield models, 
with a substantial cost savings over an approach requiring data gathering in situ in each agricultural 
region of interest. This experimental farm simulation methodology should also be very useful for 
developing regional yield models in agricultural areas inaccessible to ground truth testing. 
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APPENDIX A 


HISTOGRAMS FOR AVERAGE MONTHLY PRECIPITATION FOR THE CENTRAL 


CROP REPORTING DISTRICT, STATE OF KANSAS, 1941-1970 
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APPENDIX B 


HISTOGRAMS FOR AVERAGE MONTHLY PRECIPITATION FOR THE CENTRAL 


CROP REPORTING DISTRICT, STATE OF KANSAS, 1887-1970 
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APPENDIX C 


HISTOGRAMS FOR AVERAGE MONTHLY PRECIPITATION 


FOR UPPER SOUTHERN MARYLAND, 1941-1970 
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STATISTICAL ANALYSES FOR THE SEASONS OF FALL, SPRING, AND EARLY WINTER 
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I. ORTHOGONAL FACTOR ANALYSIS 


SPRING SEASON, 9 VARIABLES 
PERIOD 1941-1970 

DEPENDENT VARIABLES VAR 1 -ANNUAL YIELD 

INDEPENDENT VARIABLES -VAR 2-MAR AVERAGE MONTHLY PRECIPITATION 
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VAR 4-MAY AVERAGE MONTHLY PRECIPITATION 
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VAR 6-MAR AVERAGE MONTHLY TEMPERATURE 
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I. ORTHOGONAL FACTOR ANALYSIS 


SPRING SEASON, 5 VARIABLES 
PERIOD 1941-1970 

DEPENDENT VARIABLE-VAR 1 -ANNUAL YIELD 
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03474 

RR3 

..3Zi3£5 

. 0S262 

-.05495 

. 42621 

fiR4 

-65516 

-.36192 

. 18470 

14617 

fiR5 

. 13612 

- 10252 

.48118 

.12349 


UfiRIfiBLE 

COMMUMftLITY 

FBCTGR 

EIGErS^RLUE 

T Cr UfiF: 

curl PCT 



UfiRl 

- 37267 

4 

JL 

l.£4797 

54.0 

54.0 



t‘fiF:£ 

.76471 

2 

. 48989 

21.2 

75-2 



UfiR3 

.23345 

3 

. 3£636 

14.1 

S9.3 



UfiR4 

. .61571 

4 

.£4809 

10-7 

100.0 



URR5 

.27578 




WELKER 

£1 APR 78 PAGE 3 

FILE KAN (CREATION DATE = £1 APR 78) PCIP STUDY 


UARIMAX ROTATED FACTOR MATF:IK 



rfli5TOR 1 

FfiCTOF: £ 

FBCTOR 3 

FRCTOR 4 

UAF:l 

— - t*l 5 -»if4 

. 6tilt"r* 

. 0057 1 

. 100175 

hR2 

. 69019 

. 3294 1 

.41777 

-. 14021 

RR3 

. t‘9293 

-.00516 

. *T'c!y 3 1“' 

. 017599 

RR4 

. 74977 

14159 

. 03967 

. 17990 

fiR5 

• y5446 

. t5oo6»o 

.06310 

-51170 


TFlfiNc^t* Qr.MriT lot** t tATFs I K 

FfiCTOF: 1 

FfiCTOR 1 .97164 

FfiCTOR 2 
. 21394 

rfiCTOF: :5 

. 43'27 4 

FfiiCTOP 4 
- 019492 

AClOR 

2. 


.9169D 

. 2010:91 

- 05995 

ACTOR 

o 

. 02936 

. 0047:5 

-.25135 

. 96744 

ACTOR 

4 

35695 

33677 

.54019 

. 230175 
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n. OBLIQUE FACTOR ANALYSIS 


SPRING SEASON, 9 VARIABLES 
PERIOD 1941-1970 

DEPENDENT VARIABLE-VAR 1-ANNUAL YIELD 

INDEPENDENT VARIABLES -VAR 2-MAR AVERAGE MONTHLY PRECIPITATION 

VAR 3-APR AVERAGE MONTHLY PRECIPITATION 
VAR 4-MAY AVERAGE MONTHLY PRECIPITATION 
VAR 5-JUN AVERAGE MONTHLY PRECIPITATION 
VAR 6-MAR AVERAGE MONTHLY TEMPERATURE 
VAR 7-APR AVERAGE MONTHLY TEMPERATURE 
VAR 8-MAY AVERAGE MONTHLY TEMPERATURE 
VAR 9-JUN AVERAGE MONTHLY TEMPERATURE 
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UfiRIfiBLE 

•KERN 

STnh£-rlRB Tc-U 

CFiSES 


19.9500 

5.5938 

30 

URR£ 

1.5£98 

• 9d43 

38 

URR3 

£. 49£:? 

1.4147 

30 

UfiP4 

3.76£? 

1.5SH1 

30 

UfiP:5 

4.5097 

£.£814 

30 

URkS 

41-6333 

5.3071 

30 

*JRR7 

54.8933 

3 . 4888 

30 

UhRS 

84.8733 

ii- . d I- y4 

30 

UP.R9 

74.5533 

o. .iOiZ.r 



WELKER 

£6 RFR 7S FfiGE 4 

FILE }=.:FiH CCREFiTIGN HATE = 2S APR 7S) PCIP STUBY 

CORRELRTICN COEFFICIENTS. . 



URRl 

URR£ 

•.'RR3 

IJRR4 

JJRR5 

UfiR8 

UR.R7 

URR3 

URR9 



URRl 

i , 00080 

. 17637 

. 00872 

-.07927 

, l02c:0 

-.37399 

-. 33f ='3 

- 14492 

-. 18902 



URR£ 

• 1 1' 837 

1 - 000001 

. 28295 

• 45548* 

.01324 

-.30901 

-.30771 

02573 

00523 



URR3 

. 0087£ 

. c!8id‘r'5 

1 - u0i00iy 

- 09580 

. 07870 

— . 0U40V 

-.38103 

-.21387 

-. 33932 



URR4 

-.079£7 

. 45548 

. 09560 

l.e0'000 

. 123.76 

-.08919 

-. £7v?4y 

19557 

-.2; 801.*:* 



URR5 

. ik.'33y 

.01824 

. 07870 

. 12378 

J . 30000 

— . £383£ 

• iir’C'C-3 

. 07973 

58742 



URR6 

-.37899 

-.30901 

-.01409 

-.08919 

23832 

1 . 00000 

--0108£ 

— . dotC' 1 

- 18910 



URR7 

0£488 

-.30771 

-.28108 

27040 

. £7533 

-.0108£ 

i - 00000 

-.08133 

-.07947 



VRR3 

^ .-1 

02573 

—.21 387 

-. 19557 

.07973 


— . t'oloo 

1 . 00y00 

.01514 



URR9 

18803 


33952 

— - 27 805 

-.58742 

. 18910 

— . 0 1 ' 'rH- r’ 

.01514 

1 . 00000 



I^ETERh I r iRfiT 

•jF CuRRELRT I C* t 

NRTRIX = 

. 1300888 ( 

. 15008884 

+00 J 


WELKER 

£S APR 7S PAGE S 


FILE kRN 

i.i:PERTIO.N BATE = £6 APR 7S) 

PCIP STUDY 


I NUt-F.SL CF C OPRELF.T ICf’ f-'R i P. I . . 
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FRCTGR 

r:fiTSIX USIHG PRINC 

IPhL FFCiOR 

NITH ITERRTICN5 


Ffii-TOR 1 

FfiCTGR 2 

. FP.CTGR 3 

OnRi 


-.04181 

■ wb 

yRR£ 

• 47214 

. 62269 

• 13785 

WPR3 

■ be ro 1 

. el 1 ( i' 

e»' e’**'V 

URF.4 

.40577 

. 36450 

24460 

VRP5 

. 53046 

— - 44019 

-.06017 

UFiR^ 

-.50715 

• U2l5b 

59726 

UfiR7 

10015 

53433 

. 0307-S 

l'RR:3 

» 03550 

12742 

. 42812 

yfiR:9 

— • 77S94 

• 39853 

. 34006 


UfiRIfiELE 

03MMUNfiLITY 

FRijTGR 

EIOEMJRLUE 

PCT OF UfiR 

CUM PCT 



Uf}R:l 


1 

1.72:657 

44.6 

44-6 



URR2 

• 62965 

e 

1.21568 

31.2 

I • J • c* 



URR3 

. 22807 

3 

.5.4171 

24.2 

100.8 



UhR4 

. 35734 



URR5 

• 4<'.8f'y 



VFlRb 

.61439 



URP7 

. 2-564S 



OiRRS 

. 19400 



URF:9 

.87491 




IvELKER 

c‘6 FPR 7S F*PG£ 


FILE KRN 

iCRERTICN BRTE = 26 RFR 78) 

PCIF STUDY 

IElTR = 

.00 



UELKER 


fiPR 7o 


FFiGE 


FILE r-Jrr'l I CREfiTION IniE cb RPP 7S) PCI? STu*BS' 

ROTRTIOr^ FOP DIRECT OELIMIr; LCRDINGS 


ITEPhTICN LIROEL 

CRITERION 


r 10030 
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ITEFPiTIOr, 

lilROEL 



CRITERION 


0 

s.'rieeso 


1 

5. OOZvSS? 


£ 

£ • 4y y ct'4 


C- 

1.99£S13 


4 

1 • yocy0i7 


=; 

1 . SOSOcO 


6 

1.79475£ 


7 

1.790693 


3 

I. 739495 



1.7S9131 


le 

1.739019 


11 

1-733934 


weu:er 




£6 RPR 7^5 

FRGE 10 

FILE KRH 

tCRERTIOr-^ 

ERIE = £6 RPR 73:i PC IP STUDY 


RFTER ROTRTIOM KRISER hCRMPLIZRTION 

FRCTGP. PRTTEFlN 



FRCTOR 1 

FRCTCR £ 

r ROTOR 3 


.03161 

. 06 133 

. 45375 

UfiP:£ 

03353 

• f'St’S'O 

■ iZi 

URPnB 

. £1967 

. 07357 

— . 13000 

URR4 

• 111 y 

- 54530 

— ■ y 1'' 9iz!y 

URR5 

.66£14 

11319 

. 1641£ 

URR6 

-. 13176 

15345 

-.75061 

URP7 

. £5£57 

-.51949 

. 00553 

URRS 

-- 06936 

14366 

. 40650 

URR9 

-.9££74 

07973 

-.00045 


F RC T OR CCRRELfiT I Of -IS 


FRCiOk i 
FRCTOF: Z 

FRCTCR :? 


FRCTOR 1 

1 - 00000 
- 11571 


FRCTCP £ 

.11571 
1 . 0G000 
-.04504 


‘RCTCF 0 

• c^rii7^' 
-.04504 
1 . ►?00!0'0 


FfiCTCF STRUCTURE 
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■ rHCTCH: rhl l c>;^ 



FRI:TCiR! i 

FhCTGP £ 

'FRCTOR 


• yy 16 1 

-36133 

■' cs’ -'TSF 

a 1 •- 


-• 08S53 

. 75:363 

. c.’r*i=.Do 

k:'kR3 

. £1967 

. 3735? 

-a 13330 

UfiR4 

. 17135 

a D4^>O0 

—a 3i79£S 

UhiRS 

. 66£14 

11319 

. 1641£ 

Vh?6 

13176 

15345 

--75G61 

L-Fr? 

.£3£57 

-.51949 

a t/0r^55 

vFhS 

-.36936 

-a 14366 

a 4063:y 

vhr*r 

— . 9CI37 4 

37973 

30S45 

FFCTCR 

OjRRELFTIGr-S 





FRCTOR 1 

FRCTGP c 

FRCTCF 

FhC’HjR 1 

1 a 00000 

a 11571 

■ y 1 ■ y I*' w* 

FhCTGR £ 

a 11571 

1 ■ yy>'iyy 

-a 04504 

FhCTOR 3 

^07373 

-a. 04504 

i a 00000 

FRCTGR SIR 

UCTURE 




CRRl 

FfCJOR 1 
a 13170 

FfiCTOR 2 
. 05034 

FRCTGR 
a 45693 

vRR£ 

a 03053 

a 735£1 

a 30lV:z: 

URR3 

a i£^:4yy 

. 40936 

-a 13133 

URF4 

.33934 

a 569£-j 

-.09136 

URR5 

. 66040 

04S96 

.31760 

GRR6 

-a 3046:5 

-- 13990 

73306 

GRR7 

a 17il!y6 

49333 

a 

UFRS 

-a 05644 

-- 16999 

a 40773 

•v''PR9 

-a'?3301 

-a 13653 

-a yty9r' 

^ELKEr; 

FILE Kfir-* 

£6 RPR 73 

VCRERTICI'; 

7R0E 

I'RTE = £6 

1 1 

rPP. 73) » 


:F: SCOFE lCEFFICIQ-^TS 
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n. OBLIQUE FACTOR ANALYSIS 


SPRING SEASON, 5 VARIABLES 
PERIOD 1941-1970 

DEPENDENT VARIABLE- VAR 1-ANNUAL YIELD 

INDEPENDENT VARIABLES -VAR 2-MAR AVERAGE MONTHLY PRECIPITATION 

VAR 3-APR AVERAGE MONTHLY PRECIPITATION 
VAR 4-MAY AVERAGE MONTHLY PRECIPITATION 
VAR 5-JUN AVERAGE MONTHLY PRECIPITATION 
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*/fiP:lH2LE 

MERT^ 

STfiriDRRD LEU 

CRSES 

UBRl 

18.9500 

3.5928 

30 

URR2 

1.5290 

.9548 

38 

URR3 

£.4923 

1.4147 

30 

URR4 

3. Tea? 

1.5821 

38 

URR5 

4.5897 

2.2814 

33 


i-'ELrER 

28 RF'R 73 PRijE 

4 


FILE KRM 

(CPERTICh BRTE = 28 

RPR 73) 

FCIP 

CCRRELRTION 

CGEFFICIErlTS. . 





^,'RRi 

«JRR2 

URR3 

URR4 

*.^RR5 

l^RRl 

1 . 80300 

. 17637 

. 0!£^672 

-.87927 

.18229 

K^npa 

.17837 

1 . G8000 

.26295 

- 45546 

. 01824 

J/RR3 

.00672 

. 26295 

1 . 00000 

.09560 

87670' 

URR4 

-.07927 

- 45546 

- 09560 

1 . 00000 

•! -rO"7w 

URR5 

. 10220 

.01824 

- Gi767Gi 

.1E376 i.e0iiie0 

l!ETEP:r‘!INRNT OF 

CGRRELRTIGN 

MRTFI>^ = 

.66127421 

.66127417 

+00) 


I-IELKER 

£6 fiPR 7S FRCh. 5 

FILE KRri iCREfiTIGN BRIE = RFR 78) PCIP STLIDV 

INUERSE OF CCRRELRTIOH ^1fiTRIX.. 



'..fiRl 

‘JRR2 

vRR3 

IhR4 

47RF5 

*sifiRl 

1 • ^0^=04 

31625 

. 86350 

.24164 

14r'P*=i 

yfiR2 

:-:16c3 

1-44188 

-.32194 

-.66462 

.11299 

URR3 

- 863:::Ei 


1 . 6-8557 

.05917 

-.09121 

URR4 

.24164 

6646-2 

,05917 

i • -I'--: o 

1828 t 

URR5 

-. 14029 

. 11299 

-.09121 

— . 1*C c!«i^ 1 

1.04190 

WELLER 
FILE it‘ R:N 

26 RPR 78 

JIPERTIGN 

FRGE 

BRTE = 26 

6 

RRF 78) FCIP 

•iTUIV 
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FACTOR F-fiTRIX USING PRirCIPfiL FfiCTOR t-ilTH ITEPftTICHS 


FFGTOR i FfiCTOR £ 


l.lfipl 

. 17133 

. 65333 

ijftp£ 

.£3531 

. e££24 

UFiRS 

. £6336 

-.01335 

UaR4 

-5£374 

-. £5383 

UfiRS 

. 10606 

. 071£9 


MfiRIfiBLE 

CCMHUNfiLITV 

FfiCTOR 

EIG£N?JfiUJ£ 

PCT OF UfiR 

CUM PCT 



UfiRl 

.43118 

1 

1.14176 

78. S 

70. S 



URR2 

..74397 

c. 

.47199 

£3-£ 

180.0 



«JfiR3 

,87£65 



UfiR4 

.3436£ 



UfiP.5 

.01633 




WELKER 

£6 fiPFl 7S KfiGE S 

FILE KfiN (CREfiTION HfiTE = £6 hPP 7S'J FCIP STUDY 

DELTfi = .80 


WELKER 

£S fiPR 73 PfiGE '? 

FILE K:;fiN iCFEfiTICti L'fiTE = fiPP 73.1 FCIP STUDY 

RCTfiTIGN FOR DIRECT OELIMIN LGfiDINGS 


ITERfiTICTi DIROBL 

CRITERION 


0 . 370371 

1 > 1' i£ol i"* 1 


. S55S43 
.314553 
. 313545 
.313457 
.313443 


D-35 



fiFTER RCTHTIOH HITW KftlSER f-iC'RMRLIZftTION 


FfiCTOR PflTTEF:ri 



FfiCTOR 1 

FfiCTOR £ 

VRRl 

-.07018 

. 66795 

UfiP:£ 

« SI 665 

. 16SS2 

VfiR3 

. £6366 

.0£317 

UF-R4 

. 5S0S7 

— - ii-‘£6S 

UFIR5 

. 07497 

. L'^yy7'r 


FfiCTOR CDRRELftTIOMS 


FfiCTOR 1 
FfiCTOR S 


FACTOR 1 

1. 00000 

.£i£47 


FfiCTOR £ 

.£1£47 

1 . 00008 


FfiCTOR STRUCTURE 



FfiCTOR 1 

FfiCTOR 

UfiRl 

.071 S3 

- 65306 

«JfiR£ 

-S51£:7 

.33634 

URR3 

- £6S5S 

.07919 

UP.R4 

. 561*38 

— . 64 56-0 

MfiR5 

. 09383 

. 1047£ 


WELKER ■ 

£S, fiPR 7S Ffi'GE 1 1 

file KfiH (CPEfiTICN DFlTE = £6 fiPR 7S) PCIP STUDY 


FfiCTOR SCORE CCEFFICTEriTS 



FfiCTOR i 

FfiCTOR : 

‘-.’FiR 1 

-. 65145 

. 53404 

UfiR£ 

■ 1*5^1’ 6: 6* 

. £94-*E3 

UhR3 


. 66690 
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in. STEPWISE MULTIPLE LINEAR REGRESSION 


SPRING SEASON, 9 VARIABLES 
PERIOD 1941-1970 


DEPENDENT VARIABLE- VAR 1-ANNUAL YIELD 


INDEPENDENT VARIABLES -VAR 

VAR 

VAR 

VAR 

VAR 

VAR 

VAR 

VAR 


2- MAR AVERAGE MONTHLY PRECIPITATION 

3- APR AVERAGE MONTHLY PRECIPITATION 

4- MAY AVERAGE MONTHLY PRECIPITATION 

5- JUN AVERAGE MONTHLY PRECIPITATION 

6- MAR AVERAGE MONTHLY TEMPERATURE 

7- APR AVERAGE MONTHLY TEMPERATURE 

8- MAY AVERAGE MONTHLY TEMPERATURE 

9- JUN AVERAGE MONTHLY TEMPERATURE 
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WELKER 



IS FPR 73 

PAGE 6 



FILE KflM 
OMS 

(CREflTIOH 

nPITE s IS fiPR 78J 

PCIP STUDY YRS 

EYU 4M0S S 

39: fOE 

3K 3^ 

»; l« »; »E it; i« !« :« ;« i 

K M U L T I P L 

E R EG 

S S I 0 N ^ •^* ^ 

EPETIDEHT yflRIflELE. . UfiRi 

UFIRIflELE 

»i .« s « ypiRlflELE LIST 1 

REGRESSIOti LIST 1 

SLIMMFiRY THEL 
MULTIPLE R R SQUFIRE 

RSQ CHflMGE 

SIMPLE R 

E 

EETfl 


UFiRS 



.37S99 

. 14368 

. 14363 

-.37399 

-.3100£ 

-.£9419 


UFiP'4 


• 39347 

. 154S£ 

.01113 

UftR3 

— . 079£7 

—.93974 

-i £7S93 

.41481 

. 17£07 

,017£5 

16303 

-.47971 

-.£8537 


BR£ 



. 44300 

.196£5 

. .0£418 

.17637 

1.32S74 

. ££6*34 


FlR3 



.45315 

.£0535 

. 00310 
flR7 

,0067£ 

-.56677 

-. 14337 
. 4606S 

.£!£££ 

. 0011)33 
L'flRS 

— ■ 0£43b 

-. i£333 . 

-.07691 

. 46397 

.£15£7 

. 00304 
(COHSTflNT) 

,10££0 

-.17930 

79.30794 

-.07£53 
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m. STEPWISE MULTIPLE LINEAR REGRESSION 


SPRING SEASON, 5 VARIABLES 
PERIOD 1941-1970 

DEPENDENT VARIABLE-VAR 1 -ANNUAL YIELD 

INDEPENDENT VARIABLES -VAR 2-MAR AVERAGE MONTHLY PRECIPITATION 

VAR 3-APR AVERAGE MONTHLY PRECIPITATION 
VAR 4-MAY AVERAGE MONTHLY PRECIPITATION 
VAR 5-JUN AVERAGE MONTHLY PRECIPITATION 
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sf « w ' s« ?>■: .<? f»] \j l y i p u l k t- U 

S S I 0 H * »= ® »i s »i « a- w •« »i w w UFiRIflELE LIST 1 


EPENDENT UflRIflBLE. . 


L'flRl 


REGRESSION LIST I 


SUMMARY TAEL 


■TOARIAELE 
SQ CHANGE 

SIMPLE R 

£ 

MULTIPLE R 
BETA 

R SQUARE 

UAR£ 

.03111 

.17537 

1.70134 

.17537 
. 39043 

.03111, 

,AR4 

1 .03314 

-.07337 

-.73451 

,35149' 

.05335 

A UAR5 
.01530 

. 10330 

.31S54 

_.£'.9009 
« ic!yy4 

• 0?*045 

AR3 

.00314 

. 00573 

-.33054 

. £0564 
0503£ 

.0S159 

(CONSTAfTn 

WELKER 

13 AF'R 7S 
10. 

15.43339 
PAGE 5 




DATA TRANSFORMATION DONE LP TO THIS POINT 


NO OF TRANSFORf‘1ATIONS 0 

Nil OF RECODE UfiLUES 0 

W OF ARITHM. OR LOG. OPERATIONS Q 
THE RMOLMT OF TRANSPACE REQUIRED IS 0 WORDS 
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I. ORTHOGONAL FACTOR ANALYSIS 


EARLY WINTER SEASON, 5 VARIABLES 
PERIOD 1941-1970 

DEPENDENT VARIABLE-VAR 1 -ANNUAL YIELD 

INDEPENDENT VARIABLES-VAR 2-NOV AVERAGE MONTHLY PRECIPITATION 

VAR 3-DEC AVERAGE MONTHLY PRECIPITATION 
VAR 4-NOV AVERAGE MONTHLY TEMPERATURE 
VAR 5-DEC AVERAGE MONTHLY TEMPERATURE 
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FILE KfiH 


(CREflTIOH nfiTE = 33 MfiR 79) PCIP STUDY 


UflRIflELE 

MEAN 

STfiNEfiRD EEU 

CASES 

UfiRl 

S3. SI 30 

6.0974 

30 

UflRS 

.8973 

.9351 

38 

WR3 

. 8533 

.5949 

30 

•JfiR4 

43. £333 

£.3175 

30 

URR5 

3£. 6333 

3.699£ 

30 


WELKER 

33 MfiR 79 PRGE 4 

FILE KfiN (CREflTICN DATE = 33 MflR 79) PCIP STUDY 


CORRELATION COEFFICIENTS.. 



L«fiRl 

UflR£ 

LifiR3 

UAR4 

UAR5 

UfiRl 

1 . 00000 

-.05540 

-.1135£ 

-.£7£40 

. 13390 

UfiR£ 

05540 

1 . 00600 

. 13476 

-.063£3 

-.37737 

UflR3 

1135£ 

. 13476 

1 . 00000 

. 139£0 

— • 05c!sI'6 

UfiR4 

£7£40 

-.065£3 

. 1S*?£0 

1 , 00000 

. 000S0 

UfiR5 

. 10390 

-.07737 

-.05£56 

- 000S0' 

1 . 00000 

BETERMINfirIT 

OF CORRELATION 

MATRIX = 

.S461569C 

.84615636 

+003 


WELKER 

33 MAR 79 PAGE 5 

FILE KAN (CREATION DATE = 33 MAR 79) PCIP STUDY 


INVERSE OF CORRELATION MATRIX.. 



UARl 

UAR£ 

L*AR3 

UAR4 

UAR5 

UARl 

1. 13386 

. 86384 

.055£4 

.£9354 

-. 10673 

UAR£ 

. 01630^4 

1.03535 

-. 14995 

.111£0 

. 66557 

UAF3 

. 055£4 

-. 14995 

1 . 0i656£i 

19607 

.63861 

UAR4 

.£9354 

.111£0 

-. 19607 

1.12411 

— • *l.i3.2*U6 

UAR5 

101673 

. 06557 

. 0*3361 

-.03306 

1.01S££ 
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ffCTQR 1 

FfiCTOR £ 

FACTOR 3 

FfiCTOR 4 

UfiRl 

-.50778 

.00100 

. £7030 

—.06765 

WR2 

. 09620 

- 45843 

.306£1 

.12135 

UflR3 

.37901 

.££937 

.£7019 

-.07413 

WR4 

.58706 

-.£6348 

. 10040 

. 00857 

UFIR5 

12360 

19539 

. 19773 

. 18579 


UfjRIfiELE 

OUMMUHRLITY 

FfiCTOR 

EIGEMUfiUJE 

PCT OF UflR 

CLIM PCT 



UfiRl 

- 33575 

1 

- 77066 

55.2 

55.2 



UfiRS 

.£3418 

£ 

.37037 

£6.5 

CO 

■ 



UflR3 

.£7475 

3 

. 19555 

14.0 

95.7 



UflR4 

.4£421 

4 

.05939 

4.3 

100.0 



URR5 

. 12707 
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UARIMAX ROTATED FACTOR MATRIX 



FACTOR 1 

FACTOR £ 

FfiCTOR 3 

FfiCTOR • 

UfiRl 

-.04996 

-.53954 

-.07757 

. 19010 

UfiR2 

. 1 1272 

-.01496 

.45591 

-.11571 

UfiR3 

. 47837 

. 12309 

. 16590 

-.65720 

UfiR4 

.33149 

.52473 

18392 

-07183 

UftRS 

-.62554 

-. 05773 

07925 

-34176 


TRANSFORMATHDN 

MATRIX 






FACTOR 1 

FfiCTOR £ 

FfiCTOR 3 

FfiCTOR ^ 

FACTOR 

1 

. 53887 

.82314 

.06217 

16793 

FACTOR 

o 

.21330 

-.28653 

.83944 

-.40954 

FfiCTOR 

3 

.73974 

— • 366*52 

-. 03842 

. 56300 

FACTOR 

4 

-.34191 

.32555 

. 53852 

.69793 
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n. OBLIQUE FACTOR ANALYSIS 


EARLY WINTER SEASON, 5 VARIABLES 
PERIOD 1941-1970 

DEPENDENT VARIABLE-VAR 1-ANNUAL YIELD 

INDEPENDENT VARIABLES -VAR 2-NOV AVERAGE MONTHLY PRECIPITATION 

VAR 3-DEC AVERAGE MONTHLY PRECIPITATION 
VAR 4-NOV AVERAGE MONTHLY TEMPERATURE 
VAR 5-DEC AVERAGE MONTHLY TEMPERATURE 



F-ILE KfiHSflS (CREATION DATE = 30 MAR 79) PCIP STUDY 


Ufll^rlfiBLE 

MEfiN 

STRHDflRn DEU 

CASES 

URRl 

£0.6100 

6.0974 

30 

UfiRS 

.8970 

.9351 

30 

URR3 

_,S533 

.5949 

30 

URR4 

43 a c!333 

£.3175 

30 

UfiR5 

3S.6300 

3 . 699£ 

30 


WELKER 

S0 MAR 79 PAGE 4 

FILE KANSAS (CREATION DATE = 30 MAR 79) PCIP STUDY 


CORRELATION COEFFICIENTS. . 



URRl 

URR£ 

UAR3 

UAR4 

URR5 

URRl 

1 . 00080 

05540 

-. 1 135£ 

£7£40 

. 10590 

URR2 

--- 05540 

1 . 00000 

. 13476 

-.06323 

07737 

URR3 

1135£ 

- 13476 

1 - 000y0 

. 1S920 

— . y52o'iZ* 

URR4 

-,£7£40 

06323 

- 1S920 

1 . 00000 

. 00080 

URR5 

. 10390 

-.07737 

05£36 

. 00080 

1 . 00000 

ICTERMIHRNT 

or CORRELATION 

MATRI>^ = 

, 6*461569 f 

.84615686 

+00) 


WELKER 



30 MAR 79 PAGE 

5 


FILE KANSAS (CREATION DATE = 30 

MAR 79) 

PCIP STUDY 

INUERSE OF CORRELATION MATRIX. . 





URRl 

URR2 

L!RR3 

URR4 

URR5 

URRl 

1.10086 

. 06534 

. 05524 

.2*9354 

1067:3 

URR2 

. 06*334 

1-03535 

14*995 

.11120 

.06557 

UAR3 

. 05524 

14995 

1.06560 

-. 19607 

.03361 

UAR4 

.29354 

-11120 

196V07 

1.12411 

— . 03306 

UAR5 

10673 

- 06557 

.03361 

-. 03:306 

1.01:5££ 
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FILE NAME 

1 lODTCiTiti r* 1 

KfiHSRS PC 

T.-'-r 1 . . 

IP STUDY 


FfiCTOR 1 

FfiCTGR 2 

URRl 

-.39446 

09503 

URR£ 

. 04266 

.49951 

URR3 

.29374 

• 2 1 1' 52 

URR4 

• 72517 

18926 

URR5 

-.88012 

17867 


URRIRELE 

CONMUNRLITY 

FACTOR 

EIGENURUJE 

PCT GF URR 

CUM PCT 



URRl 

. 16425 

1 

,77395 

67 . 6* 

67.6 



URR2 

.25133 

o 

c 

.37314 

32.4 

100-0 



URR3 

. 13643 



URR4 

-56169 



URR5 

.03334 
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FILE KfiHSRS (CRERTIOM DRTE = 59 MRR 79) PCIP STUDY* 
ROTRTIOH FGR DIRECT GELININ LuRDIMGS 

ITERflTIOM DIROEL 

CRITERIGU 


0 .9S499S 

1 . 753702 

2 • 6325S4 

3 .S7368S 

4 

5 •Cl' 

6 ' , 672823 

7 . 672625 
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vj-nuiurf. ItKH 


FfiCTCR 1 FfiCTOR 2 


VRRl 

URR2 

»JhR3 

VRR4 

OftRS 


36724 
-• 09422 
.23794 
-77373 
03037 


10233 
-51639 
.22953 
-. 13280 
-. 13534 


FfiCTOR CQRRELftTIOhS 


FfiCTOR 1 
FfiCTOR 2 


FfiCTOR 1 

1 . 00000 
.24331 


FfiCTOR 2 

,24331 
1 - 00000 


FfiCTOR STRUCTURE 


FfiCTOR 1 FfiCTOR 2 


UfiRl 

— . 39234 

19425 

UAR2 

. 03427 

, 49295 

UFIR3 
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a 1^337 3 

UAR4 

. 72325 

-00971 

UAR5 

-*,07711 
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FfiCTOR SCORE COEFFICIEHTS 


FfiCTOR 1 FfiCTOR 2 


UfiRl 


STATISTICS 
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vnKiril:Or^'*C*MKi lu 
T\*PE=Pfi2/ 
ROTflTE=OBLIQUE/ 

1 ? 2? 4^ 5? 6? 7 

rw-,xd 


STUDY 
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m. STEPWISE MULTIPLE LINEAR REGRESSION 


EARLY WINTER SEASON, 5 VARIABLES 
PERIOD 1941-1970 

DEPENDENT VARIABLE-VAR 1-ANNUAL YIELD 

INDEPENDENT VARIABLES-VAR 2-NOV AVERAGE MONTHLY PRECIPITATION 

VAR 3-DEC AVERAGE MONTHLY PRECIPITATION 
VAR 4-NOV AVERAGE MONTHLY TEMPERATURE 
VAR 5-DEC AVERAGE MONTHLY TEMPERATURE 
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WRlS —.37816 —.05793 

UflR3 -.51426 -.05018 

ccorisTmT) 41.18001 


MftXIMUM STEP REACHED 
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9DNS 

»! j« sx i« 14; fx •« »; b: MULTIPLE R E G 

RrsSION UARIAELE LIST 1 

REGRESSION LIST 1 

HEPENDENT UARIAELE.. UARl 





SLIMMRRY TREL 

E 

URRImELE 
RSQ CHhNGE 
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E 

MULTIPLE R 
EETR 

R Sii^URRE 

UFIR4 

. 074£0 

27240 

57707 

.27240 

26665 

. 07420 

URR5 

-010S4 

• 10390 

. 15933 

.29162 
. 09700 

. 03504 

URR£ 

. 00421 

05540 

-.37316 

. 29375 
- . 05799 

. 03925 

URR3 

. 00237 

-.11352 

-.51426 

. 30269 
05013 

. 09162 


(CONSTAfiT) 


41. 18001 


■’C'xono « c.-jr 

1.86877 .090 

8.01408 .065 
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ECONOMIC INFLUENCES ON THE KANSAS YIELD TIME SERIES 


The American agricultural sector and, subsequently, the Kansas yield time series from 1885-1975, 
as shown in Figure 3, have been affected by a number of economic factors. One of the most im- 
portant factors is the relative magnitude of the prices paid to the farmer for agricultural produce 
versus his production costs. Other factors in assessing changes in yield over long periods are the 
technological and scientific inputs into the American agricultural system, factors which are related 
to the profit margin realized by the farmer. Both the history of new profits to the farmer and 
technological inputs to agriculture will be briefly sketched below. 

The two decades known as the “Golden Years of American Agriculture” started in 1896, and are 
so called because of the dramatic improvement in the economic status of the American farmer. 
From the post-Civil War years to the middle of the 1890’s, farm prices had continually declined, 
even though production had continued to rise. In the 1870’s, for example, farm prices declined at 
nearly 4 percent a year while production grew at 6 percent annually; during the 1880’s and 1890’s, 
it grew at only 2 percent per year. These data are reflected in the top of Figure E. 1 ® The princi- 
pal difference in the economic status of the American farmer between the 20 years after 1896 and 
the pre-1896 period was due to the growth of the industrial sector of the American economy. A 
basic requirement for vitalization in American agriculture is an annual rate of increase in industrial 
growth which is far greater than that of the comparable growth in agriculture. As shown in the 
bottom of Figure E.l, the industrial growth during the “Golden Agricultural Era” of 1896-1915 
increased by 156 percent while agricultural production increased by 50 percent.®® Because of this 
3-to-l production increase ratio, industrial income was able to absorb the 50 percent increase in 
farm production, the costs of a normal increase in farm population, and a relative slackening in 
agricultural exports from the pre-1986 period. As a result of these favorable conditions the number 
of farms rose from 4.5 million in 1890 to 6.4 million in 1910; by 1920 the number was 6.5 million. 

From 1911-1915, income per person employed in agriculture was $370 compared with $595 per 
person employed in industry. This income ratio, established in 1911-1915 and not achieved again 
until the World War II years, has been advanced by some as the yardstick from which to compute 
“parity income” for agriculture. During the period 1915-1921 , World War I caused a mild increase 
in cultivated total grain acreage, from 203 million acres in 1914 to 227 million in 1919, a 12 per- 
cent increase. Harvested wheat acreage, however, increased greatly due to World War I, going from 
47 million acres average annual area during 1909-1913 to 74 million in 1919. After 1920, Ameri- 
can agriculture went into a long and severe economic slump, which certainly affected the inputs 
into modern farming practices and should be reflected in the yield time series statistically analyzed 
in this paper.® * 

The top portion of Figure E.2 depicts the long and deep economic slide of the American farmer 
which began in the middle of 1920.® ^ For a year and a half after World War I, the stimulation of 
farm demand and prices remained artificially high. The World War I years had only been a continu- 
ation of the two and a half decades of prosperity in American agriculture which had begun in the 
mid-1890’s. This long period of prosperity ended with a large number of American farmers owing 
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1909 -1913 - 100 




Figure E.1. Agricultural production and prices in the United States during the 
late 19th and early 20th Centuries."^ 
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1919 1929 1939 1949 1959 1969 


Ratio of prices received by farmers to prices paid by farmers, 1914 - 59. 
(5 • year moving averages: 1910 - 14 = 100) 


Percent of 1910 -1914 



.. l_^j 
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1 1 
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^ ^ ^ 

^ 


1910 1920 1930 1940 1 950 1 960 1 970 


• Prices received for all farm products 
O Prices paid, interest, taxes, and farm wage rates 
^ January • July average 


Figure E.2. Agricultural prices in the United States, 1910-1970, 
United States Department of Agriculture.^^ 
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huge debts and mortgages. Long-term agricultural debt went from 3.2 to 8.4 billion dollars between 
1910 and 1920 and, after the rapid drop in agricultural prices, reached 1 1 billion dollars by 1923. 
Industrial prices were bad but agricultural prices suffered much more. At the end of 1921, wheat 
that had sold for 2.58 dollars a bushel a year and a half earlier, sold for 93 cents a bushel. Although 
the 1920’s were very bad for the American farmer, the 1930’s were even worse. The farm price 
index, as shown at the bottom of Figure E.2, had dropped from a value of 147 in January, 1930 to 
57 by February, 1933. In 1932, the net realized income from agriculture was a little over 1.8 bil- 
lion, less than one-third of the 1929 figure and less than one-half of that for 1921, the first poor 
year of the 1920’s. These poor economic factors undoubtedly affected farm inputs and subsequent 
yields in the state of Kansas during the 1920’s and 1930’s.®^ 

The first break in the agricultural price slide occurred after the election of Franklin D. Roosevelt. 
Farm prices began to climb in 1933, and then slid back again during the recession of 1937-1938. 

By 1941, increased demands for wheat for domestic consumption and exportation started a climb 
in the prices of agricultural produce, and this increase was sustained with the entrance of the 
United States into World War II. Contrary to expectations, prices remained high immediately after 
World War II, then started to fall in 1948. From the all-time high of 16.8 billion dollars in 1948, 
net agricultural income for the American farmer dropped to 13 billion dollars in 1950. By 1962, 
gross agricultural income had reached an all-time high of 40 billion dollars, but the net income was 
only 14.6 biUion, stiU less than that of 1948. Gross agricultural income rose steadily from 1962 to 
1970, but due to enormous increases in expenses, net farm income continued to fall below the 1948 
high.®"* 

Some of the effects of the inability of the American agricultural community to make more than 
16.8 billion dollars per year through the 1960’s is demonstrated in Figure E.3.® ® The number of 
farms declined rapidly through 1970, while the average acreage per farm increased dramatically. 
Total agricultural acreage also increased monotonically through 1960, before undergoing a decline 
through 1970. The results of a near-fixed net income for the agricultural community over the 
1950’s and 1960’s, combined with rising land values, have caused the failure or closing of many 
marginally profitable farms and have directed agriculture toward larger, more highly mechanized, 
modern and efficient farming operations. This new direction has decreased crop losses and uncer- 
tainties in production from a variety of causes. The one notable exception to this trend is the pro- 
duction fluctuation due to variations in climate, which is still very difficult and expensive to alter 
in spite of improvements like modern irrigation methods. 

Mechanization and scientific improvements have also affected yield since the nineteenth century. 
Modern farming practices can be separated into two categories; the effects of mechanization and 
technology, and those improvements gained from utilizing the new developments of pure science. 

In the mechanization and technology category, three overlapping periods can be identified.® * The 
basic invention period occurred in the 1830-1880 time period, starting with the invention of 
McCormick’s reaper and ending with the combined thresher-reaper or “combine,” which came into 
extensive use in dry level wheatland such as that of the state of Kansas, in the 1 880’s. The second 
period of mechanization extended from 1860 to 1910, and was characterized by extensive use of 
machinery run by animal power. By 1 900, there was almost as varied a selection of farming im- 
plements as exists today.® ’ The third period of mechanization, starting in 1900 and continuing to 
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Figure E.3. Historical statistics of American agriculture over the period 1850-1970, 




the present, was one of conversion to power-driven equipment. The gasohne tractor was introduced 
in 1905, and by 1920, 250,000 were in operation. Prior to 1920, these three phases of mechaniza- 
tion and technology made the major contributions to improvements in modem farming practices. 
Although scientific discoveries fostered such improvements as plant breeding, varietal selection of 
grain seeds and natural hybridization, those developments were not in widespread use. Many 
developments in soil science, fertilization, and plant nutrients were also neglected in practice, as well 
as new insecticides and fungicides. These scientific improvements were only incorporated into 
American agriculture after World War 1.® ® 

The sudden upward growth trend in winter wheat yield after 1 940 has been attributed by some to 
the great increase in agricultural technology caused by World War II. The two-part linear trend for 
LACIE models for the post-1940 period, shown in Figure 3, attributes the growth trend to “tech- 
nology effects.” There is some validity to these assumptions; the American agricultural community 
since World War II has undergone major changes due to scientific and technological improvements.^ ® 
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CLIMATIC AND PHENOLOGICAL VARIATIONS AFFECTING THE KANSAS YIELD 
TIME SERIES 


The effects of many climatic factors, severe storms, and phenologic variations have drastically 
changed Kansas winter wheat growth conditions over the 1887-1970 period. These changes have 
considerably altered the yield time series in this period. Despite the complexity of tracking and 
understanding the relative importance of these changes, the 1880’s represent the beginning of the 
modern collection of agricultural statistics for Kansas. This set of statistical data is becoming in- 
creasingly important to the understanding of the extent of damage to agricultural production from 
episodic events, and for the construction of reliable yield models for remote sensing estimates of 
winter wheat yield production. LACIE yield models use multiple linear regression techniques for 
independent variables formed from monthly averages of air temperature and precipitation, the same 
variables which have been tested in this paper. LACIE yield models have also been constructed for 
each of the nine crop reporting districts of Kansas; this paper statistically analyzes data from Kansas 
crop reporting districts.®® Figure 3 shows the Kansas wheat yield time series from 1885-1975 that 
has been used in this paper.® ‘ Figure 3, also compares the variability of collective September 
through December precipitation on the wheat yield for the State of Oklahoma. 

LONG-TERM CLIMATIC VARIATIONS 

Although the time series in Figure 3 starts in the late 1880’s, the model approach taken by LACIE 
initiated the yield time series analysis in 1932 and attributes year-to-year fluctuations from a linear 
trend to annual weather variations.® ^ This approach limits possible interpretations of the more 
slowly varying components of climate with periods of a decade or longer, and their effect on winter 
wheat yield in Kansas. Recent ongoing research described in the open literature has been directed 
toward investigating these more slowly varying climatic components which span data sets from the 
nineteenth century.® ^ Furthermore, there is evidence that suggests that the climate of future 
decades will be more like that of the mid-nineteenth century than climatic conditions indicated by 
1930-1960 normals. Substantial precipitation and temperature deviations have occurred over the 
last century in Kansas which would affect soil moisture levels in the fall and resultant winter wheat 
yields, as shown, for example, in Figures F. 1-F.4.®'* These reasons, among others, indicate that a 
closer look at the 1887-1970 yield time series data set may provide additional insights into the 
problem. 

SEVERE STORM PHENOMENA 

Statistical analyses of the Kansas yield time series also include assumptions and approximations for 
severe storm phenomena which are different from those found in crop growth simulations on an 
experimental farm. For example. Figure F.5 defines isolines in percentage of months in severe or 
extreme drought.® ® Kansas has a greater high probability drought area than any other state in the 
continental United States over the period considered. Droughts were very severe in the 1930’s, 
especially for the years of 1934 and 1936.®® 
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Early Fall (September-October) 


Figure F.1. Precipitation deviations (%) of the 1850's and 1860's from the 1931-1960 

climatic normals for the summer and early fall seasons in the United States.^'^ 
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Spring (April-June) 


Figure F.2. Precipitation deviations |%) of the 1850's and 1860's from the 1931-1960 climatic 
normals for the winter and spring seasons in the United States. 
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Early Fall (September-October) 


Figure F.3. Temperature deviations (in °F) of the 1850's and 1860's from the 1931-1960 
climatic normals for the summer and early fall seasons In the United States.^"^ 
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Spring (April-June) 


Figure F.4. Temperature deviations (In °F) of the 1850's and 1860's from the 1931-1960 
climatic normals for the winter and spring seasons in the United States.^'^ 
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Figure F.5. Frequency (%) of months with severe or extreme drought in the United States over the 1931-1960 period 
(Eastern United States) and the 1931-1967 period (Western United States). (Manuscript map supplied 
by Dr. Wayne C. Palmer).^ ^ 



EPISODIC EVENTS 


Kansas also has a high incidence of other severe weather conditions injurious to winter wheat yield, 
as shown in Figure F.6.® ’ High frequency zones for both the mean annual incidence of large hail 
(> 19 mm) and tornadoes per 26,000 km^ , for data sets over 1955-1967, lie in the vicinity of 
Kansas wheat areas. Tornadoes, the most violent of meteorological storms, are found more fre- 
quently in the central United States than any other place in the world.® ® 

Another significant short-term weather factor contributing to the degradation of winter wheat yield 
is the phenomenon of winterkill. Winterkill was an acknowledged loss factor from the earliest years 
in the 1887-1970 yield time series, as demonstrated by the data in Tables F.l and F.2.®® The hard 
red Turkey or “Crimean” wheats had been in use for more than a decade by 1 887 ; these are the 
same general kinds of wheats which accounted for 60 percent of the wheat plantings in the United 
States for 1969.’° Traditionally, hard red winter wheat is supposed to be more resistant to winter- 
kill than the soft winter wheat varieties. Malin claims this to be only relatively true, and supports 
his claim by quoting the 10 year average winterkill losses over the period 191 1-1920. The eastern 
third of the state of Kansas, planted mostly to soft winter wheat, lost 8.5 percent, while the central 
and western thirds of the state, both planted to hard red winter, lost 18.3 and 34.4 percent respec- 
tively, for this ten year period. These losses accounted for a state total average of 19.9 percent.’ ^ 
Of the many separate contributors to the phenomenon of winterkill, one of the most damaging 
combines low temperatures with loss of the snow cover which acts primarily as a thermal blanket 
protecting the wheat plant. Winterkill damage of this type is greatest when temperatures colder 
than -20°C persist for a number of days.’ ^ Figures F.7-F. 10 indicate the extremes of low tempera- 
tures, the duration of the days below freezing, and the range of calendar dates for 2.5 cm of snow 
cover for the state of Kansas within the framework of the mapping of these conditions throughout 
the continental United States.’^ 

STEADY-STATE CLIMATIC CONDITIONS AND PHENOLOGY 

Turning to the “steady-state” climatic conditions, the ranges of variability in the “normal” agro- 
climate are very often responsible for fluctuations in wheat yield, rather than the extreme conditions 
of severe storms and episodic events. Although the statistical analyses of the Kansas yield time 
series included the independent variables of average monthly precipitation and temperatures, other 
variables may have been more significant. The determination of more appropriate variables and an 
eventual model development for yields in Kansas would be a logical continuation of this present 
study. Nevertheless, variations due to phenology and degree-day summations are so important that 
some indication of the ranges of these variables over Kansas will be made here. The annual growing 
degree-days for the state, based on normal temperature conditions, is indicated in Figure F.l I.’'* 
Figure F. 1 1 also shows that Upper Southern Maryland, the site of the BARC Project, has approxi- 
mately the same annual growing degree-days as central Kansas. For a particular experimental farm 
station located at Hays in Ellis County in the Central Crop Reporting District of Kansas, Figure F. 1 2 
and Table F.3 describe the phenology and degree-day summations over the 1932-1951 period.’® 
The years 1947-1948 and 1948-1949 had extremely late emergence dates, while 1939-1940 winter 
wheat plantings failed to emerge until the following spring. Whether these phenological abnormali- 
ties were characteristic for those years of the larger substate regions has not been determined. 
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Figure F.6b. Mean annual incidence of tornadoes per 26,000 km^, 1955-1967. 
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Table F-1 

Planted and Harvested Acres’^ of Wheat in Kansas, 1883-1902 


W inter \V heat Spring W heat 


Tear F/anted acres 

Yield 

bu. 

Harvested 

acres 

Bushch 

Yield 

bii. 

Acres 

Bushe/s 

Yield 

bu. 

1883 



1,480,204 

28,0 58,884 

19.5 

79.098 

1,066,052 

13-5 

18S4 



2,151,868 

46,681,321 

21.7 

85,260 

1,369,110 

16.0 

1885 

( [1,199,723)* 
l ».999-7»J 

8.6 

4-9 

1,049,458 

9.784.595 

9-3 

90,826 

987,786 

10.9 

1886 

».674.89° 

8.2 

982,029 

13.380,592 

13.8 

85.505 

990.441 

11.8 

1887 

1,298,619 

6.6 

738,199 

8,616,24.4 

11.6 

75.>9* 

662,257 

8.8 

18B8 

1,078,943 


936,369 

16,135,120 

17.2 

4>.>7* 

589.597 

M3 

1889 


>.505.947 

34,130,048 

22.6 

88,338 

1,189,803 

135 

1890 

2,144,065 


1,900,58s 

27.940.401 

M-7 

>77.048 

860,81 3 

4-9 


Winter-kill 


1891 

1892 . 

2% 

19% East Third 

3,582,006 

56,170,694 

15.1 

151.904 

379.9 59 

157 

Little in Central 

3,820,013 

70,035,980 

18.3 

309,816 

4,502,926 

M-5 

1S93 

14% 

4.909.97^ 

24,634,414 

5.0 

200,901 

193.109 

0.9 

1894 

14% 

4.675.704 

28,175,656 

6.2 

165,188 

30.044 

0.18 

1895 


4 .o 56.5>4 

15,512,241 

3.8 

115.457 

488,819 


1896 


5.>95.655 

>7.> 55.565 

8.5 

164,092 

601,523 

3.6 

1897 


5.5>8,765 

50.040,574 

15*7 

115,601 

986,230 

7.8 

1898 


4.505.459 

59.674.>o5 

13.2 

119,272 

1,116,556 

87>.54> 

745.648 

9-4 

2899 


4.796.»9 

42.81 5.47> 

8.9 

192,823 

4-5 

1900 


4,268,704 

76.595.445 

17.9 

109,829 

6.8 

2901 


5.>48.547 

90.045.514 

17.1 

67.955 

287,581 

4-^ 

1902 


6.> 54.747 

54.525.859 

8-6 

46.195 

3M.397 

7-0 


• The bracketed figures for wtieat acres and yield in 1881; arc derived from **Wheat in 

Kanjaf”^’ 


Table F-2 

Winter Wheat Abandonment Due to Winterkilling in Four Counties in 
Kansas; Comparative Yields, Planted and Harvested Acres, 1885-1890*® 


County 

Year 

Planted acres 

Harvested 

acres 

PJanted acres 
yield 

Harvested 
acres yield 

Rfley 

1885 

10,709 

6,45* 

7-1 

11 


1886 

10,709 

a, 008 

2.0 

11 


1887 

3.878 

a, 714 

7.0 

10 


1888 

2,625 

,.556 

17.0 

19 

Geary (Davis) 

1890 

2,316 

2,270 

19.0 

10 

LTv 

oo 

00 

19.557 

6,845 

1.1 

6 


1886 

10,660 

2,132 

2.1 

11 


1887 

6,420 

3,210 

3.0 

6 


1888 

4.47* 

4.585 

21.5 

»3 


1890 

12,598 

9.9>8 

8.0 

10 

Dickinson 

1885 

98.152 

59.559 

1.0 

5 


1886 

57.57* 

>4.545 

3.8 

15 


1887 

45.74> 

18,196 

3-6 

9 


1888 

54.765 

29,898 

16.3 

19 


1890 

68,605 

68,605 

21.0 

11 

Saline 

1885 

91.517 

**^58 

s.a 

5 


1886 

70,975 

28,590 

6.3 

16 


1887 

65.655 

32.827 

4.0 

8 


1888 

66,190 

62,880 

16.1 

17 


1890 

90,000 

88*200 

16.6 

17 
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COLDEST TEMPERATURE WITH 
ANNUAL PROBABILITY ^ \% 
















Figure F.9. Average annual date of first snowcover in the United States, 2.5 cm or more, 1950-1960. Dashed 

lines give percent of years without snowcover.^^ 










;over of 2.5 cm or more, 1950-1960. Dashed lines give percent 
\ without snowcover.^^ 


of 
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Ullludt 38*52' (N) 
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Figure F.12. Phenology of winter wheat at the Agricultural Experimental Station at Hays, Kansas, 1931-1951 
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Table F-3 

Phenology and Day-degree' Summations for Winter Wheat^ at the 
Agricultural Experimental Station at Hays, Kansas, 1938-1951’^ 


Lat. (N) 38' 62'; Loinr. (W) 09' 20'; Alt. 2,000 ft. 


cnor 

YEAR 

DATE 

SOWN 

DATE 

EMEUGED 

DATE 

HEADED 

DATE . 
niPE 


iSnuunaiion of Dan-Dcgrccs (*P,) 


EMERGENCE 
TO HEADED 

MARCH! 
TO liEADED 

HEADED 
TO RIPE 

EMERGENCE 
TO RIPE 

MARCH I 
TO RIPE 

1931-32 

Sept. 28 

Oct, 

15 

May 

20 

June 

27 

1,408 

968 

1,130 

2,638 

2,098 

1032-33 

Sept. 27 

Oct. 

4 

May 

21 

June 

17 

1,476 

1,080 

908 

2,383 

1,988 

1D33-3'! 

Sept. 2G 

Oct. 

2 

May 

11 

June 

9 

1,609 

861 

06G 

2,626 

1,817 

193-1-36 

Sept. 27 

Oct. 

8 

May 

31 

July 

3 

2,069 

1,234 

1,380 

3,448 

2,023 

1036-30 

Oct. 2 

Oct. 

10 

May 

20 

June 

20 

1,422 

1,110 

1,013 

2,4.16 

2,123 

1930-37 

Oct. 3 

...do. 

.. 

May 

22 

June 

21 

I,36G 

988 

1,003 

2,419 

2,051 

1937-38 

Sept. 28 

Oct. 

4 

May 

17 

June 

23 

1,620 

1,048 

1,047 

2,607 

2,096 

1038-39 

Sept. 26 

Oct. 

1 

^[Qy 

23 

June 

18 

1,925 

1,139 

860 

2,784 

1,998 

1039- to 

Oct. 10 

Mqp. 

18 

June 

1 

June 

30 

1,201 

1,276 

1,003 

2,204 

2,279 

lDd0-‘11 

Oct. 7 

Oct. 

13 

May 

28 

June 

27 

1,682 

1,144 

920 

2,611 

2,073 

in'll-'12 

Sopt. 20 

Oct. 

a 

May 

31 

June 

24 

1,043 

1,324 

702 

2,706 

2.080 

lD12.>i3 

Scpl. 28 

Oct, 

6 

May 

20 

...do, 

.. 

1,520 

937 

l.ODl 

2,017 

2,028 

3943-14 

Sept, 20 

Oct. 

1 

Moy 

28 

June 

26 

1,300 

OOB 

047 

2,343 

1,866 

1944-46 

Sept. 30 

Oct. 

7 

May 

24 

July 

2 

1,701 

1,140 

1,000 

2,701 

2,140 

1946-40 

Oct. 3 

Oct, 

10 

Jifay 

0 

June 

18 

1,001 

1,123 

1,112 

2,773 

2,236 

1040-47 

Sept. 20 

Oct. 

3 

May 

24 

June 

28 

2,121 

710 

061 

3,072 

1,067 

1017-48 

Oct. 27 

Jnn, 

1 

May 

26 

Juno 

27 

1,184 

1,1.81 

090 

2,180 

2,1.10 

1048-10 

Oct. 18 

Dec. 

1 

June 

1 

June 

20 

1,M0 

l,Mfl 

018 

2,060 

2,060 

I049-G0 

Sept. l!2 

Oct, 

26 

May 

27 

June 

21 

1,107 

840 

000 

2.103 

1.752 

1960-61 

Seiit. 23 

Sept. 

1 1- 

30 

Juno 

1 

July 

6 

1,686 

040 

901 

2,540 

1,907 

Mean 

Oct, 1 

Oct. 

22 

May 

21 

June 

26 

1,640 

1,063 

007 

2,643 

2,050 

Stnnciard 

Deviation : , 







279 

168 

no 

201 

174 

CoofUdcnt 

of Vnriallon ( % ) 






18.0 

15.0 

11.0 

11.4 

8.6 

i/ourcc; llaacd om dnfrt /roi/t < 

A or(cti(|ui 

rtif Expcr(monf //ay«, 

Kani., and U.S.’ 

It'cflf/icr /Jurenu. 




* Computt^J above buio, 

* D«ia for Kharkof vrhi*lt 



APPENDIX G* 


WHEAT YIELD AND PRODUCTION RANKINGS OF COUNTIES IN THE 


STATE OF KANSAS FOR THE PERIOD 1962-1976 


^Unpublished statistical analysis and rankings made available 
by Dr. David Wood of the Goddard Space Flight Center. 




CRD 


COUNTY 

YIELD 

SIGMA 

AREA 

SC 

66 

SUMNER 

29*46 6 

6.290 

296205 

SC 

63 

RENO 

29*073 

5.155 

285740 

sc 

64 

SEDGWICK 

29*713 

8,729 

194080 

CE 

48 

MCPBERSOS 

29.946 

5,775 

192393 

sc 

57 

HARPER 

27*633 

6.005 

201660 

sc 

65 

STAFFORD 

27,766 

4.839 

198245 

RW 

8 

THOMAS 

27,120 

5.480 

200093 

sn 

20 

FORD 

25,733 

6,411 

204140 

sw 

13 

FINNSI 

.27,186 

6*309 

185125 

CE 

43 

BARTON 

r24,2 50 

5-.991 

203620 

SC 

62 

PRATT 

•25.753 

4-, 87 3 

191393 

CE 

50 

RICE 

29.926 

4.436 

159246 

SC 

59 

KINGMAN 

26.966 

5,190 

173553 

sc 

35 

MITCEELL 

30.225 

6^.238 

152673 

sc 

61 

PAWNEE 

25.300 

5,719 

178193 

NW 

7 

SHERMAN 

’27,286 

6,02 5 

158153 

SW 

22 

GRAY 

26.560 

7,894 

157026 

CE 

44 

DICKINSON 

30.633 

4.809 

135366 

SW 

5 

RAWLINS 

28.940 

4.498 

137466 

WC 

13 

NESS 

24.533 

7-. 234 

160180 

CE 

4-9 

MARION 

29.1*13 

6.139 

129906 

NC 

33 

CLOUD 

31,880 

a\277 

117660 

CE 

53 

SALINE 

28,900 

1H.760 

127626 

sc 

56 

EDWARDS 

25.153 

5.277 

145586 

NC 

37 

OTTAWA 

29.626 

4*686 

122993 

NW 

1 

CEEIBNNE 

28*073 

5.095 

129033 

NC 

34 

JEWELL. 

31,100 

7*317 

115886 

CE 

51 

RUSE 

23.353 

6.913 

152546 

CE 

47 

LINCOLN 

28.133 

6.078 

126340 

sc 

58 

EARVEY 

30.280 

T.930 

116486 

WC 

14 

SCOTT 

28.6-13 

6.881 

121180 

NC 

36 

OSBORNS 

27.^3 3^ 

7.337 

124680 

CE 

52 

RUSSELL. 

24.886 

7.101 

13S213 

NW 

6 

SHERIDAN 

■23.36 0 

5l. 45 8 

117668 

WC 

9 

GOVE 

28.506 

7.042 

115400 

NC 

42 

waseingto'N 

33.220 

5*256 

98813 

WC 

11 

LANE 

27-.540 

71.756 

115900 

ss 

97 

COWLEY 

31.286 

5.921 

101933 

WC 

12 

LOGAN 

:24.360 

6.03 5 

129333 

sc 

54 

BARBER 

26.a20 

5.12 2 

119113 

NW 

2 

DECATUR 

29.953 

4.430 

103906 

SW 

24 

BASKELL 

27.853 

6.705 

111633 

NC 

41 

SMITE 

31.040 

5.963 

98306 

SW 

25 

EODGEMAN 

24.440 

5.390 

123393 

NC 

40 

ROOKS 

25.805 

5.502 

117313 

NC 

39 

REPUBLIC 

32.940 

6.491 

91760 

NW 

4 

NORTON 

29.860 

4.356 

99080 

CE 

46 

ELLSWORTH 

26.786 

6.049 

109633 

NW 

3 

GRAB AM 

26.573 

4.613 

109693 

SW 

27 

MEADE 

23.066 

7.080 

125348 

CE 

45 

ELLIS 

22.733 

6.343 

126120 

NC 

32 

CLAY 

30.453 

4.417 

93840 

WC 

15 

TREGO 

25.200 

6.569 

110286 
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13C 

38 

PHILLIPS 

29p753 

4,510 

90086 

sc 

60 

KIOWA 

23.866 

5.683 

111146 

wc 

10 

GREELBI 

20.953 

7.966 

124585 

wc 

17 

WICHITA 

24.140 

6T.373 

104683 

sw 

23 

HA14ILTOS 

19.806 

7,398 

125913 

US 

73 

Si ah's HALL 

33.106 

4.764 

67406 

sw 

25 

KEARSI 

23.440 

6.800 

95020 

sw 

31 

STEVESS 

23.806 

6.637 

88613 

sw 

30 

STASTOS 

21.313 

3.324 

94455 

ss 

95 

CHEROKEE 

29.973 

4.436 

69053 

sw 

18 

CLARK 

21.660 

5.161 

91713 

sw 

21 

GRAST 

25.120 

5.743 

78236 

ss 

105 

WOODSOS 

27.766 

S-.754 

70500 

sw 

29 

SEWARD 

22.466 

6.583 

80585 

ss 

- 94 

BUTLER 

29.580 

7-, 7 17 

59453 

sc 

55 

COMASCBE 

19.740 

4-,442 

88185 

wc 

16 

WALLACE 

21.740 

i,584 

75840 

ss 

101 

LABETTE 

30.213 

4-.170 

52673 

ss 

102 

MOSTGOMERi 

30.313 

4-,825 

45830 

EC 

88 

MORRIS 

29.S5 3 

a. 081 

41933 

ss 

103 

SEOSRO 

29.300 

4.833 

4060S 

ss 

104 

WILSOS 

29.140 

T.478 

39213 

sw 

28 

MORTOS 

-17.046 

5., 563 

62753 

ss 

74 

S EM AH A 

32.880 

6,3 87 

31700 

ss 

75 

POTTAWATOMIE 

31.506 

S'. 3 87 

31026 

ss 

68 

BROWS 

35.406 

7,115 

26773 

ss 

98 

CRAWFORD 

29.686 

5.1.89 

30173 

EC 

90 

S3AWSSE. 

30.640 

4.06 8 

28293 

ss 

76 

RILEI 

32.540 

5.215 

25680 

EC 

83 

GBARI ■ 

33.053 

5.300 

24420 

sc 

86 

LIOS 

28.573 

4,391 

27536 

ss 

72 

LEAVSSWORTS 

29.693. 

4.501 

26080 

ss 

93 

BOURBOS ' 

27.166 

5,313 

28493 

EC 

89 

OSAGE 

30.473 

4,754 

25366 

ss 

70 

JACKSOS 

30.280 

S..703 

25453 

EC 

87 

MIAMI 

29.673 

5-.414 

25580 

EC 

ai 

DOUGLAS . 

.'31.033 

5',090 

23913 

EC 

78 

ASDERSOS 

30.280 

s'. 701 

23533 

BC 

80 

COFFEY 

30.305 

4-. 849 

23180 

■EC 

91 

WABAUSSEB . 

30.506 

4.639 

22933 

SB 

95 

CHAUTAUQUA 

30.960 

6..643 

21960 

S3 

92 

ALLEN 

29.440 

4^,986 

22873 

BC 

85 

LINS '' 

23.785 

5.728 

23340 

SE 

67 

ATCHISON 

29.126 

4.65 0 

22660 

BC 

82 

FRANKLIN 

29.113 

5.751 

21213 

SB 

100 

GREENWOOD 

27.320 

6.094 

21293 

SE 

71 

JEFFERSON 

28.760 

4,341 

19426 

EC 

79 

CHASE 

30.033 

5.203 

18186 

SE 

69 

DONIPHAN 

33.746 

6.204 

15160 

BC 

84 

JOHNSON 

31.246 

4,709 

16355 

SE 

99 

ELK 

27.973 

6,462 

15253 

SS 

77 

WYANDOTTE 

32.353 

4.722 

7180 
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LISTS! SORT 


CRD 


COUNTY 

YIELD 

SIG^dA 


SB 

63 

BROWN 

35,405 

7.115 

26773 

US 

59 

DONIFHAN 

33.74S 

5.204 

15160 

sc 

42 

WASHINGTON 

33*220 

5.256 

98813 

SB 

73 

MARSHALL 

33*106 

4,764 

67406 

EC 

83 

GEARl 

33*053 

5.300 

24420 

SC 

39 

REPUBLIC 

32*340 

6.491 

91760 

SB 

74 

SEMABA 

32*880 

6.387 

31700 

SB 

76 

RILE! 

32.540 

S.215 

25680 

SB 

77 

WYANDOTTE 

32*353 

4.722 

7180 

SC 

33 

CLOUa 

31.880 

6.277 

117650 

SB 

75 

POTTAWATOMIE 

31,506 

6.387 

31026. 

SB 

97 

COWLEY 

31,286 

5.921 

101933 

SC 

84 

JOHNSON 

31*246 

4.709 

16366 

SC 

34 

JEWELL 

31.100 

7.317 

115886 

SC 

41 

SMITH 

31.040 

5.963 

98306 

EC 

81 

DOUGLAS 

31*033 

5.090 

23913 

SB 

95 

CHAUTAUQUA 

30*960 

6.643 

21960 

EC 

90 

SHAWNEE 

30*640 

4.066 

23293 

CB 

44 

DICKINSON 

30*633 

4.809 

135366 

EC 

91 

WABAUNSEE 

30*508 

4^.639 

22933 

EC 

89 

OSAGE 

30,473 

4.754 

25366 

SC 

32 

CLAY 

30*453 

4.417 

93840 

SE 

102 

MONTCO^iSSY 

30.313 

4.825 

45680 

EC 

80 

COFFE-r 

30*306 

4.849 

23180 

SE 

70 

JACKSON 

30*280 

5.703 

25453 

EC 

78 

ANDERSON 

30*280 

5.701 

23533 

SC 

58 

HARVEY 

30*280 

7.930 

116486 

SC 

35 

MITCHELL 

30.226 

6.238 

152673 

SB 

101 

LABBTTB 

30.213 

4.170 

52673 

EC 

79 

CHASE 

30.033 

5.208 

1818 6 

S3 

95 

CHEROKEE 

29.973- 

4.436 

69053 

SW 

2 

DECATUR 

29.953 

4-.430 

103906 

CB 

48 

MCPHERSON 

29*946 

5'.775 

192393 

CE 

50 

RICE 

29*926 

4*436 

159246 

sv 

4 

NORTON 

29*860 

4-*355 

99080 

sc 

38 

PHILLIPS 

29.753 

4.510 

90086 

sc 

64 

SEDGWICK 

29.713 

6*729 

194030 

SB 

72 

LEAVENWORTH 

29.693 

4-.501 

26080 

SB 

98 

CRAWFORD 

29.686 

5*189 

30173 

SC 

87 

MIAMI 

29*673 

5.414 

25580 

SC 

37 

OTTAWA 

29.626 

4.686 

122993 

SB 

94 

BUTLER 

29.580 

T.717 

59453 

EC 

88 

MORRIS 

29.553 

5.081 

41933 

SC 

56 

SUMNER 

29.465 

6.290 

296206 

SB 

92 

ALLEN 

29.440 

4.986 

22373 

SB 

103 

NEOSHO 

29.300 

4.833 

40606 

SB 

104 

WILSON 

29.140 

7.478 

39213 

SE 

57 

ATCHISON 

29.126 

4.650 

22660 

CE 

49 

MARION 

29*113 

6.139 

129908 

EC 

82 

FRANKLIN 

29.113 

5.751 

21213 

SC 

53 

RENO 

29*073 

5.156 

288740 

SV 

5 

RAWLINS 

23*940 

4*498 

137456 

CB 

53 

SALINE 

28.900 

4.760 

127S26 

EC 

85 

LINN 

23.786 

5.728 

23340 
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HE 

71 

JBFFERSOS 

23,760 

4,341 

19425 

WC 

14 

SCOTT 

28.613 

&.881 

121180 

EC 

86 

LYOS 

28,573 

4.39L 

27586 

WC 

9 

GOVE 

28.506 

7, 042 

115400 

ww 

6 

SHSRIDAS 

28.360 

5,453 

117585 

CE 

47 

LIS COLS 

28,133 

6.073 

126340 

NW 

1 

CHEYENNE 

28,073 

5,095 

129033 

SB 

99 

ELK 

27,973 

6,462 

15253 

SW 

24 

HASKELL 

27,853 

8,705 

111633 

SC 

65 

STAFFORD 

27.766 

4,839 

196246 

ss 

105 

WOODSON 

27,766 

5,754 

70600 

sc 

57 

HARDER 

27,633 

5.005 

201660 

WC 

11 

LANS 

27,540 

7., 75 6 

115900 

SE 

100 

GREENWOOD 

27,320 

6.094 

21293 

SW 

7 

SHERMAN 

27.286 

8.025 

158153 

SC 

35 

OSBORNS 

27.233 

7-. 3 37 

124680 

■SW 

19 

FINNEY 

27.186 

6.30 9 

185126 

ss 

93 

BOURBON 

27.166 

S '. 31 3 

28493 

SW 

8 

THOMAS 

27.120 

5..480 

200093 

sc 

59 

KINGMAN 

26.966 

5^190 

173553 

CB 

45 

ELLSWORTH 

26.786 

6 -.049 

109633 

NW 

3 

GRAHAM- 

26.573 

4,613 

109693 

SW 

22 

GRAY 

26.550 

7-, 894 

157026 

SC 

54 

BARBER 

26.320 

5.122 

119113 

SC 

40 

ROOKS 

25.806 

5.502 

117313 

sc 

62 

PRATT 

25,753 

4.873 

191393 

SW 

20 

FORD 

25.733 

S', 411 

204140 

sc 

61 

PAWNEE 

25.300 

5.719 

178193 

WC 

15 

TREGO 

25,200 

6.569 

110286 

sc 

56 

EDWARDS 

25,153 

5.277 

145586 

SW 

21 

GRANT 

25.120 

5.743 

78286 

CE 

52 

RUSSELL 

24.886 

7.101 

136213 

WC 

13 

NESS 

24,533 

T.234 

160180 

SW 

25 

HODGEMAN 

24.440 

6.39 0 

123893 

WC 

12 

LOGAN 

24,360 

fr.035 

129333 

CE 

43 

BARTON 

24,260 

5-.991 

203620 

WC 

17 

WICHITA 

24.140 

6.379 

104686 

sc 

60 

KIOWA 

23.866 

5.683 

111146 

SW 

31 

STEVENS 

23.806 

6.637 

88613 

SW 

26 

KEARNY 

23.440 

6.800 

95020 

CE 

. 51 

RUSH 

23.353 

6.913 

152546 

SW 

27 

MEADS 

23.Q66 

T.080 

125346 

CB 

45 

ELLIS 

22.733 

a. 343 

126120 

SW 

29 

SEWARV 

22.466 

6i583 

80585 

SW 

30 

STANTON 

21,913 

3,924 

94466 

WC 

16 

WALLACE 

21,740 

5.584 

75340 

SW 

18 

CLARK 

21.660 

5.161 

91713 

WC 

10 

GREELEY 

20.953 

7.96 6 

124586 

SW 

23 

HAMILTON 

19.805 

7.396 

125913 

sc 

55 

COMANCHE 

19.740 

4,442 

88186 

SW 
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